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The growing environmental concern to reduce fuel consumption in automotive
and aerospace industries have been continuously stimulating the research and
development of new magnesium (Mg) materials, as Mg with density ~ 1.74 g/cc
(~ 78 % lighter than steel and ~ 36 % lighter than aluminium) is an excellent
candidate for weight critical applications. However, the commercial utilization
of Mg based materials is rather restricted in industrial applications due to their
poor mechanical characteristics. To address some of these issues, titanium (Ti)
containing Mg composite (Mg-5.6Ti) is identified as the base material in this
PhD work. As Ti is insoluble in Mg, the addition of Ti to Mg metal matrix can
be considered as a metallic reinforcement. With Mg-5.6Ti as base matrix, suc-
cessful attempts were made to further improve its mechanical response through
the combined addition of other micron or nano-sized metallic/ceramic partic-
ulates. The disintegrated melt deposition (DMD) technique followed by hot
extrusion was used to synthesize the materials.
In the first phase, the properties of Mg-5.6Ti were studied. Microstructural
observation revealed grain refinement and texture analyses by x-ray diffraction
studies showed that the addition of Ti particles resulted in weakening of ex-
trusion (basal) texture of Mg. Mechanical properties characterization showed
improvement in strength properties without compromising ductility under ten-
sion and at the expense of ductility under compressive loading.
In the next phase, the effects of micron sized Al addition and nano sized
Al2O3 addition to Mg-5.6Ti were respectively studied. In both the cases, the
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combined addition of either Al or Al2O3 particles together with Ti particles was
performed in two ways: a) addition after pre-processing by ball milling and
(b) direct addition. Microstructural studies revealed significant grain refinement
due to both Al and Al2O3 addition. Evaluation of mechanical properties showed
significant improvement in microhardness, tensile and compressive properties
when compared to pure Mg and Mg-5.6Ti composite. In case of Al addition,
during ball milling, Al3Ti intermetallic was formed due to the solid state reac-
tion between Al and Ti. Hence, the Mg-(5.6Ti+3Al)BM material can be consid-
ered as a composite with Mg as matrix and (Ti+Al3Ti) as reinforcement. For this
reason it showed superior strength properties over Mg-5.6Ti-3Al, wherein the
Ti and Al particles are directly added. In case of Al2O3 addition, improvement
in strength properties occurred at the expense of ductility (by 60 %) in Mg-
5.6Ti-2.5Al2O3 where the reinforcements were directly added. However, when
ball-milled (Mg-(5.6Ti+2.5Al2O3)BM), increase in strength properties was ac-
companied by only a marginal variation in ductility (by 15 %). The observed
difference in behaviour of the developed composites was primarily attributed to
the change in morphology, distribution and solid state reaction (in case of Ti +
Al addition) brought-forth by the ball milling process.
Motivated by the positive influence of reinforcement/metallic addition pre-
processing, new Mg composites containing Ti particles hybridized (ball milled)
with varying volume fraction of nanoscale B4C particles were synthesized in the
next stage. Microstructural characterization showed the presence of uniformly
distributed micro-Ti particles embedded with nano-B4C particulates which re-
sulted in significant grain refinement. Electron back scattered diffraction (EBSD)
analyses revealed that the Mg-(5.6Ti+x-B4C)BM hybrid composites showed rel-
atively more recrystallized grains, realignment of basal planes and extension
of weak basal fibre texture when compared to Mg-5.6Ti. Evaluation of me-
chanical properties indicated improved strength with ductility retention in Mg-
(5.6Ti+x-B4C)BM, which are attributed to the presence of nano-B4C reinforce-
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ment, the uniform distribution of hybridized particles, better interfacial bond-
ing between the matrix and reinforcement and the grain refinement achieved
by nano-B4C addition. Ductility enhancement is attributed to the fibre texture
spread (favourable basal plane orientation) achieved due to nano B4C addition.
Overall, Mg-(5.6Ti+2.5B4C)BM composite exhibit superior combination of
strengths and ductility when compared to other composite formulations. Hence,
it was selected and studied for heat treatment effects. Optimized heat treatment
parameters, viz. heat treatment temperature and heat treatment time, were first
identified through grain size and microhardness measurements. Initially, heat
treatment of composites was conducted at temperature range between 100 °C -
300 °C for 1 h. Based on optical microscopic analysis and microhardness mea-
surements, it was evident that significant grain growth and reduction in micro-
hardness occurred for temperatures > 200 °C. Secondly, at constant temperature
(200 °C), the effect of variation of heat treatment time was carried out (ranging
between 1 h to 5 h) so as to identify the effects of short time interval. Detailed
microstructural analysis conducted using EBSD on the samples heat treated at
200 °C for 5 h revealed the presence of ~ 87 % strain free grains (i.e. 120 %
greater than in the as-extruded condition) corresponding to the recrystallization
and residual stress relaxation effects due to heat treatment. Results of tensile
and compressive property measurements conducted on samples heat treated at
200 °C for 5 h showed improved fracture strain values (~ 60 %) at the expense
of yield strength (~ 20 %). Based on structure-property correlation, such a be-
haviour is attributed to the presence of less stressed matrix-reinforcement inter-
face due to the relief of residual stresses and texture weakening due to matrix
recrystallization effects during heat treatment.
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The development and growth of new and advanced materials are the keys for
progressive growth in the quality of human life. There are unlimited oppor-
tunities for the materials scientists and metallurgists to explore and develop
new materials, alloys and their processing methods. In this context, recently,
lightweight metallic materials are receiving increased attention towards weight
reduction associated with the on-going research in transportation sector, primar-
ily for aerospace and aviation engineering [3, 8–10]. Of the metallic materials
available, magnesium, aluminium and titanium with their relatively low densi-
ties (in comparison to steel, nickel, copper etc.) qualifies for the applications
requiring weight reduction [9, 10]. While the metals and their alloys have high
specific mechanical strength, their strength properties can further be improved
by making metal matrix composites, viz. through the addition of ceramic re-
inforcements of desired volume fraction. Extensive researches are being con-
ducted in this regard to develop new light metal alloys and their composites
[11–13]. Titanium alloys and composites possess very high tensile strength and
toughness (even at extreme temperatures) with the combination of light weight,
extraordinary corrosion resistance, and ability to withstand extreme tempera-
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tures. However, the high cost and processing difficulties limits their use to
selective critical engineering applications [13, 14]. So far, aluminium alloys
and composites have been most successfully manufactured and commercialized
for various industrial applications and their behaviour have been widely studied
and applied to different engineering structures [8–10, 15]. Magnesium mate-
rials also exhibit mechanical properties that are comparable with aluminium
alloys. Recently, research on the development of magnesium based materials
has become increasingly focused by the materials community in regard to the
possible replacement of aluminium materials as magnesium is ~ 35% lighter
than aluminium. It also possesses excellent damping capacity, machinability
and castability, they are considered as prospective materials for future appli-
cations encompassing a wide range of engineering sectors [1, 11–13]. While
magnesium offers greater degree of weight savings, the use of Mg in its pure
form is rather restricted in critical industrial and commercial applications due
to their poor elastic modulus, strength, toughness and ductility. To overcome
these limitations it is conventionally alloyed with metallic elements such as Al,
Zn Zr, RE metals etc. In spite of the development of new alloys, most of the
commercially available Mg-alloys exhibit low thermal stability and are stable
only up to ~ 150 °C [3, 10, 16, 17]. In this regard, the incorporation of hard
ceramic reinforcements into Mg matrix significantly improves the dimensional
stability, elastic modulus, strength, hardness, wear resistance etc. However, the
improvement occurs with a drastic reduction in ductility.
Recently, high strength, high modulus metallic elements are being added as
reinforcements to improve the mechanical properties of pure Mg and its alloys
[18–20]. Hassan and Gupta investigated the effect of Ni and Cu addition (in
larger amounts > solubility limit) to pure Mg and observed superior strength
properties improvement by ~ 260 %. However, it was accompanied by a drastic
reduction in the ductility and such behaviour was reported to be due to the co-
existence of brittle intermetallic phases such as Mg2Ni due to Ni addition and
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Mg2Cu in case of copper addition. In this context, the addition of 5.6 wt. %
immiscible titanium particles to Mg showed an overall improvement in yield
strength by ~ 60 % and ductility by ~ 45 % [20]. The mechanical properties
improvement due to the Ti particulates addition attributes to the efficient load
transfer due to good interfacial boning with no intermetallics phases between
Mg and Ti. Similar results were also observed in case of other insoluble metal-
lic additions such as Nb or Mo [21, 22]. However, the overall improvement in
mechanical properties obtained by Nb / Mo addition was minimal when com-
pared to Ti addition. Hence, the Mg-Ti system was selected for this PhD work
with an intention to further improve the mechanical response of Mg-Ti compos-
ite through different metallic/ceramic additions and to provide an insight into
microstructural characteristics governing these properties. Accordingly, new ti-
tanium containing magnesium based materials with attractive properties were
synthesized by the selective addition of micron or nano-sized metallic / ceramic
particulates through improved processing techniques.
1.2 Scope of work
The objectives of this PhD project are to synthesize and characterize new light
weight magnesium materials through the addition of titanium particulates either
individually or in combination with (a) aluminium (b) nano-alumina particu-
lates and (c) nano-boron carbide particulates, respectively. All these composite
formulations were synthesized using disintegrated melt deposition technique. In
the first stage, the microstructural and mechanical properties of Mg-5.6Ti com-
posite were studied in detail in comparison to monolithic Mg. In the next stage,
new titanium containing magnesium materials were synthesized through the ad-
dition of other micron or nano-sized metallic / ceramic particulates (mentioned
above) in combination with the titanium particles with an intention to improve
the mechanical response of Mg-5.6Ti composite. Finally, the effects of compos-
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ite heat treatment on the microstructure and mechanical properties of selected
hybrid Mg composites were studied.
1.3 Organization of Thesis
The forthcoming chapters of the thesis are organized as follows:
Chapter 2 introduces the literature survey related to the current research
project. It includes background of light weight metallic materials, magnesium,
magnesium alloys and composites, various alloying elements and reinforce-
ments.
Chapter 3 describes the details of materials, processing methods and char-
acterization techniques used for the development of magnesium materials.
Chapter 4 presents the microstructure and mechanical properties of magne-
sium composite containing 5.6 wt. % titanium particulates synthesized using
disintegrated melt deposition (DMD) method followed by hot extrusion.
Chapter 5 presents the study on the effect of Al addition on the microstruc-
ture and mechanical properties of Mg-5.6Ti composite. The combined addition
of Ti and Al to pure Mg is carried out in two ways: a) addition after prior
ball milling, Mg-(5.6Ti+3Al)BM and (b) direct addition, Mg-5.6Ti-3Al. The
Mg-5.6Ti-3Al and Mg-(5.6Ti+3Al)BM materials were synthesized through the
disintegrated melt deposition method followed by hot extrusion. Investigations
are undertaken to study the effect of combined addition and pre-processing of
Al and Ti metallic elements using process-structure-property correlation.
Chapter 6 presents the study on the effect of hybridizing Ti particles with
nano-scale ceramic Al2O3 particles on the microstructure and mechanical prop-
erties of Mg-5.6Ti composite. New hybrid Mg composites, Mg-5.6Ti-2.5Al2O3
and Mg-(5.6Ti+2.5Al2O3)BM are synthesized respecitively through the direct
and ball milled addition of hybrid (Ti, Al2O3) reinforcement. The properties
of developed hybrid composites are compared with that of monolothic Mg and
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Mg-5.6Ti composite.
Chapter 7 discusses the microstructural and mechanical properties of new
Mg composites containing Ti particles hybridized with varying volume fraction
of nano-scale B4C particles. The materials required for the study are synthesized
using DMD method followed by hot extrusion.
Chapter 8 presents the results of heat treatment studies carried out on Mg-
(5.6Ti+2.5B4C)BM hybrid nanocomposite.
Finally, the overall conclusions and proposed set of recommendations for
the future work are respectively listed in Chapters 9 and 10.
Synthesis and characterization of Titanium containing Magnessium materials 5
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Chapter 2
Literature Survey
2.1 Magnesium and magnesium alloys
Magnesium is the sixth most abundant element in the Earth’s crust (2 %) and
was mainly used for weapon manufacturing in World War I. Post world war,
Mg materials found its utilization in aircraft construction and military applica-
tions [1, 6, 11]. Magnesium is the lightest structural metal with a density 1.74
g/cc which is ~ 35 % and ~ 75 % lighter than aluminium and iron respectively
[2, 23, 24]. For these reasons, the research into applications of Mg materials
on automotive and aerospace parts for weight reduction has got greater impor-
tance with the global scenario of energy conservation [25]. Recently, Mg based
materials are used in other products such as sports and electronics equipment
[11, 26]. Besides being light, Mg based materials also exhibit good castability,
machinability, weldability, thermal stability, damping characteristics and spe-
cific mechanical properties [1].
Magnesium exhibits a hexagonal closed packed (HCP) crystal structure (with
lattice parameters a = 0.32 nm, c = 0.52 nm) and owing to the low symmetry and
the paucity of slip systems in the HCP crystal structure, pure Mg lacks sufficient
strength and ductility for most structural applications [1, 11, 24]. These proper-
ties are improved through the selective addition of alloying elements. The major
7
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commercial alloying elements used so far in Mg alloys include aluminium (Al),
zinc (Zn), zirconium (Zr), manganese (Mn), silicon (Si) and rare earth metals
(RE). Magnesium alloys are generally classified according to the composition
and the convention used to depict the major constituents in an alloy is given in
Table 2.1. For example AZ31 signifies 3 at. % Al and 1 at. % Zn.
The effects of the some of the aforementioned alloying elements in Mg as
available in the literature [1, 2, 6, 11]are briefly discussed below:
Aluminium: It is the most commonly used alloying element with most
favourable effect in magnesium. Alloying magnesium with aluminium is also
relatively affordable. Mg-Al binary phase diagram is shown in Figure 2.1. It has
the maximum solubility of 12.7 wt. % at 437 °C which decreases to around 2
wt. % at room temperature. At appropriate levels of binary addition, aluminium
addition provides a good balance of strength, ductility, castability, and corrosion
resistance. Most commercial alloys contain 8 - 9 wt. % aluminium with small
amount of zine (which give some increase in tensile properties) and manganese
(for corrosion resistance). Hence in general, the addition of Al to Mg enhances
Synthesis and characterization of Titanium containing Magnessium materials 8
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Figure 2.1: Al-Mg binary phase diagram [4]
the castability and strengths. When present in amount in excess of 6 wt. %,
the alloy becomes heat treatable, but commercial alloys rarely exceed 10 wt. %
aluminium. An aluminium content of 6 wt. % yields the optimum combination
of strength and ductility [27].
According to the phase diagram, (Figure 2.1), the microstructure of Mg–Al
alloys is generally characterized by a solid solution of aluminium in magne-
sium, an α−phase with a HCP structure and the β -phase. The β -phase is an in-
termetallic compound with a stoichiometric composition of Mg17Al12 (at 43.95
wt. % Al). Young modulus of the β -phase is about 80 GPa as compared to 45
GPa [28] for Mg. In the as-cast condition, the β -phase Mg17Al12 appears in
alloys containing more than 2 wt. % aluminium. A network of β -phase forms
around grain boundaries as the aluminium content is increased and ductility
decreases rapidly above 8 wt%. In more slowly cooled castings, discontinuous
precipitation of the β -phase may occur at grain boundaries with the formation of
a cellular or pearlitic structure. Annealing at temperature around 420°C causes
the cellular constituent and all of part of the β -phase along grain boundaries to
re-dissolve leading to solid solution strengthening [10] . A eutectic forms be-
tween the solid solution of aluminium in magnesium and the intermetallic com-
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pound Mg17Al12. With normal air cooling of castings, this eutectic takes either
of two forms, depending on whether or not the alloy contains zinc. In an alloy
without zinc, the eutectic forms as a massive compound, which contains islands
of magnesium solid solution; in an alloy that contains zinc, it takes a completely
divorced form particles of compound in solid solution who appearance blends
into that of the adjacent primary solid solution [1].
Depending on other elements in the alloy, Al also forms a number of inter-
metallic phases such as Al49Mg32, Al4RE, Al11RE3 [29]. Cast Mg-Al alloys
are suitable for use at temperatures are up to 100 °C above which creep rates
become unacceptable. This behaviour is attributed to the fact that magnesium
alloys undergo creep mainly by grain boundary sliding [30] and the β -phase,
which is comparatively soft at lower temperatures. Creep properties of Mg-
Al alloys may be improved by lowering the aluminium content or reducing the
volume fraction of the β -phase tend to increase the creep resistance of the mag-
nesium alloys [31].
The most applicable Mg-Al alloys in transportation industry are AZ and AM
series alloys (AZ91D, AM50A, and AM60B) which exhibit excellent castabil-
ity, corrosion resistance, and strength at room temperature. However, they have
poor creep resistance at temperature more than 150 °C [32]. This makes them
undesirable for major applications as an automatic transmission case should
have to operate up to ~ 175 °C, engine blocks up to ~ 200 °C, and engine pistons,
even higher than ~ 300 °C [32, 33].
Creep resistance is one the major requirement to replace the current Al and
cast iron components in powertrain. Creep in pure Mg and Mg-Al based alloys
have been extensively studied and two major creep mechanisms are commonly
observed for Mg-Al alloys under service conditions adjacent to a car engine.
They are (i) grain boundary sliding and (ii) dislocation climb. The nature of
creep mechanism generally depends on the type of alloy system, microstruc-
ture, and more importantly, stress and temperature. Grain boundary sliding is
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based on softening of the grain boundaries at elevated temperatures. Dislocation
climb is a thermally activated dislocation motion, in which dislocations are not
constricted to their glide planes. In case of Mg-Al alloys, the poor thermal sta-
bility of β -phase (with a eutectic temperature of ~ 437 °C) and its discontinuous
precipitation can cause substantial grain boundary sliding at high temperatures.
In addition, the accelerated diffusion of Al in Mg matrix and the self-diffusion
of Mg at elevated temperature would also contribute to the creep deformation of
Mg-Al alloys.
The following approaches are commonly employed to improve the creep
resistance of Mg-Al alloys. (i) Addition of alloying elements with high affin-
ity to Al which would suppress the formation of β -phase, (ii) introduction of
secondary phase particles that can efficiently pin the grain boundary sliding
mechanism (iii) incorporation of fine dispersion of precipitates or solutes which
strongly attracts the dislocation and diffuses slowly though the matrix [32, 33].
Zinc: It is next to aluminium in effectiveness as an alloying element in Mg.
In general, Zinc content in Mg alloys is limited to its maximum solubility, 6.2
wt. % (2.4 at. %) at 340 °C (Refer Figure 2.2) [34]. As the solubility decreases
with temperature, 1.1 wt. % (0.5 at. %) at room temperature, the heat treatment
can control the decomposition of the supersaturated solid solution of zinc in
magnesium which essentially can support precipitation hardening [35–37].
On the other hand, solid solution strengthening effects in Mg single crystal
and polycrystals due to Zn addition was also reported [38, 39]. In case of single
crystal Mg, anisotropic solution hardening with small amount of Zn solute was
prominent which hardens the basal planes and softens the prismatic and pyra-
midal planes. Similar prismatic plane softening resulting ductility increment
due to Zn addition was also seen in case of polycrystalline Mg; however it was
limited up to 1 at. % Zn concentration. At Zn concentrations above 1 at. %,
the strain hardening rate increases and coincides with a decrease in elongation
[38, 39]. This suggests that the solid solution hardening effects of Zn solutes
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Figure 2.2: Mg-Zn binary phase diagram [4]
supersedes the softening of secondary slip at higher Zn concentration. Hence, it
is mostly used in combination with aluminium as a strengthening agent to im-
prove the strength levels. It is also used in combination with zirconium and rare
earth metals to produce precipitation hardenable magnesium alloys with good
strengths. The addition of Zn to Mg also helps to circumvent the harmful cor-
rosive effects of iron and nickel impurities. It is also known that the addition of
Zn in excess of 1 wt % would promote hot shortness.
Zirconium: It is used as a grain refiner in Mg as the lattice parameters of
α-Zr (a = 0.323nm; c = 0.514 nm) are very close to those of Mg (a = 0.320
nm; c = 0.520 nm). During solidification, the Zr rich solid second phases which
were generated early in the freezing of melt provide favourable sites for hetero-
geneous nucleation of magnesium grains. It is commonly used in combination
with Zn, rare earths, and/or thorium. However, it cannot be used in conjunction
with Al or Mn as it easily forms stable undesirable phases with these elements
and is thus removed from solid solution [1, 4, 34].
Mg-Zr binary phase diagram (Figure 2.3) shows that the maximum solubility
of Zr in molten Mg is 0.6 wt. %, at 654 °C. It increases to 3.8 % when the
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Figure 2.3: Mg-Zr binary phase diagram [4]
temperature increases to peritectic temperature. It then drops to 0.3 % at 300
°C till room temperature. In case of Zinc containing Mg alloys, literature study
shows that the solubility increases up to 4% which makes these (ZK) alloys
attractive for engineering applications [40].
Literature study also highlights the efficient grain refinement due to Zr ad-
dition at normal cooling rates. The average grain size was found to reduce from
few millimeters to less than 100 microns in case of Zr addition less than 0.5 wt.
% Zr addition also facilitates the formation of nearly equiaxed or nodular grains
[41–43], which further enhance the structural uniformity of the final alloy. For
these advantages, Mg-Zn-Zr alloys are considered to be forerunner in some of
the critical engineering applications.
Rare Earth metal: The addition of rare earth elements (RE) to Mg is gen-
erally conducted in the form of either cerium rich misch-metal or neodymium
rich didymium mixture. It generally improves the high temperature properties
of magnesium. It reduces the possibility of weld cracking and the porosity levels
in cast materials as it narrows down the metal freezing range of the alloys.
The considerations regarding the use of rare earth additions was a response
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to the poor temperature stability of the Mg–Al alloys and go back over 60 years
[32]. As REs are expensive, a cheaper alternative known as mischmetal is
commonly used. Mischmetal is a naturally occurring ore largely containing
lanthanum (>50%), cerium (20-35%), praseodymium (4-10%) and neodymium
(10-20%) [28] and other rare earth impurities. The use of REs enables both solid
solution hardening and precipitation hardening and the intermetallic phases ex-
hibit little diffusivity and a good coherence to the matrix [44].
RE addition generally refine the grain; improve strength, ductility, tough-
ness, weldability, machinability, and corrosion resistance in the host alloy. Im-
proving upon the commercially available Mg–Y–Nd–Zr alloy, a lower weight
high creep resistance quarternary alloy consisting of Mg–Sc–Mg–Zr has been
developed by researchers [45].
The beneficial effects of the addition of rare REs to magnesium alloys were
discovered in the late 1930s by Haughten and Prytherch [46]. REs are important
as grain refiners, increasing strength whilst retaining ductility, and improved
creep resistance, corrosion resistance and fatigue strength [45]. There are two
groups: elements with (a) high solid solubilities (Y, Gd, Tb, Dy, Ho, Er, Tm, Yb
and Lu) and (b) limited solubilities (Nd, La, Ce, Pr, Sm and Eu) [4].
Murphy and Payne [47] showed that the rare earth additives are compatible
with zirconium, and enhanced properties could be obtained by incorporating
both rare earths and zirconium. Subsequently, zinc [11] or silver were also
included as desirable additives to these alloys.
Manganese: The addition of Mn improves the salt water resistance of Mg-
Al and Mg-Al-Zn alloys by removing iron and other heavy metals from the melt.
However no significant effects on mechanical properties reported so far.
Silicon: The addition of silicon increases the fluidity of metal in the molten
state and decreases the corrosion resistance of Mg alloys if iron is also present.
Copper: The addition of copper to Mg in excess of 0.05 wt. % adversely
affects the corrosion resistance of magnesium. However, it improves room tem-
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perature and high temperature strength levels.
Thorium: It increases the creep strength of Mg up to 370°C. The commonly
used alloys contain 2 to 3 wt. % Thorium in combination with Zn, Zr, or Mn. It
also improves the weldability of magnesium alloys containing zinc.
Yttrium: It has relatively high solid solubility in magnesium (12.4 wt. %)
and it improves the creep resistance of Mg alloys up to 300 °C when added
together with other RE elements.
Lithium: It is an attractive alloying element for light weight magnesium
alloys owing to its lower density (0.54 g/cc). Also, it has relatively high solid
solubility in magnesium. When added in excess of 11 wt. %, the alloys change
its crystal structure from HCP to BCC which improves the formability of mag-
nesium alloys. While, Li addition enhances ductility in general, strengths and
flammability of magnesium are negatively affected. Hence, the Mg-Li alloys
find only limited applications so far.
Calcium: The addition of calcium is generally conducted below 0.3 wt. %
to reduce oxidation of magnesium in the molten condition as well as during
subsequent heat treatment. It also improves the rollability of magnesium sheet.
The excess amount of calcium would lead to cracking during welding process.
Silver: It generally improves the mechanical properties of magnesium alloys
by increasing the response to age hardening.
Tin: The addition of Tin with small amount of aluminium increases the
ductility of the Mg alloy. It also reduces cracking during hot working process.
Iron and Nickel: These are regarded as the most harmful alloying elements
as the corrosion resistance of Mg alloys gets adverse affected even with small
amount of iron or nickel (0.005 wt. %).
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2.2 Magnesium-metal matrix composites
In spite of the development of new alloys, most of the commercially avail-
able Mg-alloys exhibit low thermal stability and are stable only up to ~ 150 ºC
[3, 10, 16, 17]. Further, these alloys have some limitations which include high
thermal expansion coefficient, poor corrosion resistance and limited high tem-
perature properties. So to overcome these limitations and to develop new mag-
nesium based materials, Mg matrix composites have been developed. Currently
the Mg-matrix composites are being developed as an alternative to the Al-matrix
composites for various lightweight structural applications since the specific me-
chanical properties of Mg and Al are comparable [3, 6, 10, 16, 17, 48].
Mg-matrix composites are developed with ceramic reinforcements in the
form of fibres, particulates and whiskers [3, 48–50]. The addition of ceramic re-
inforcements in the form of continuous fibres generally improves the strengths
and elastic modulus coupled with low density which leads to high specific me-
chanical properties. However, the mechanical properties of the fibre reinforced
composites are more dependent on the loading direction [51]. To overcome this
limitation, ceramic reinforcements in the form of particles and whiskers are be-
ing used. Whiskers are fine single crystals (~ 1 micron) with high aspect ratio
and low defect density produced using special manufacturing processes [2, 52].
The study of available literature reveals that only few successful attempts have
been made to incorporate whiskers into the magnesium matrix. This is due to
the fact that the whiskers are difficult to distribute into the metal matrix as it gets
agglomerated easily.
In case of particulates reinforcement addition, it offers other benefits such as
low cost of reinforcing particulates, simple and low cost production process in
addition to the isotropic properties [3, 17, 48, 51]. In general, the ceramic par-
ticulate reinforcements can be grouped into (i) oxides, (ii) carbides, (iii) nitrides
and (iv) borides (Kainer, 2006). The properties of some of the common ceramic
particulate reinforcements used in Mg-metal matrix composites are listed in Ta-
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Al2O3 Hex 3.9 2050 410 6.5 8.3 25
Y2O3 Cub 5 2425 8.1 27
Carbides
B4C Rhomb 2.5 2450 450 9.5 5 - 6 29
SiC Hex 3.3 2300 480 9.7 4.7 - 5 59
TiC Cub 4.9 3140 320 7.4 29
Nitrides
AlN Hex 3.2 2300 350 6 10
BN Hex 2.2 3000 90 1-2 3.8 25
Borides
TiB2 Hex 4.5 2900 370 7.4 27
ble 2.2 [2, 3]. There are numerous research reports available in the open litera-
ture which indicates the efficacy of these ceramic particulates in improving the
stiffness, strengths, wear resistance, dimensional stability and damping capabil-
ity of Mg composites at ambient and elevated temperatures [13, 53]. However,
the ductility and fracture toughness of the composites with micron scale ceramic
particulates were detrimentally affected.
Recent works have reported that the addition of nano-sized ceramic rein-
forcements in pure Mg and its alloys have resulted in the simultaneous improve-
ment of both strength and/or ductility [2, 17, 23, 49]. The presence of nanoscale
reinforcements offer dispersion strengthening effects to the magnesium matrix
by (a) Orowan strengthening, through the generation of geometrically neces-
sary dislocations (GND) to accommodate the CTE mismatch and (b) Hall-Petch
strengthening, though the refinement of average grain size [2, 17, 23, 49, 54].
Similarly, recent works have shown that the high strength, high modulus
metallic elements have been incorporated in pure Mg/Mg-alloys to obtain signif-
icant improvement in mechanical properties. Addition of higher weight fraction
Cu (18 %, i.e. greater than the amount used in commercial alloys) to pure Mg
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and alloys exhibited significant improvement in strength, but with poor ductility
[18, 55, 56]. Similar behaviour in strength properties was observed when larger
amounts of Ni were added to pure Mg [19]. In this perspective, the incorpora-
tion of immiscible titanium particles in Mg resulted in an overall improvement
in yield strength by 60 % and ductility by 45 % [20]. The mechanical proper-
ties improvement due to Ti addition was attributed to the efficient load transfer
due to good interfacial bonding with no intermetallics phases at Mg/Ti inter-
face. Improved mechanical response of Mg due to Ti particle addition in case
of powder metallurgy method was reported by Perez et al. [57], Lu et al. [58]
and Umeda et al. [59]. Similar behaviour in mechanical properties were ob-
served when other hard metallic elements such as molybdenum [22]or niobium
[21]were added to magnesium as reinforcements.
2.3 Deformation behaviour of magnesium
The possible slip systems in HCP magnesium are: (i) basal slip in {0001} planes
along <112¯.0> direction, (ii) prismatic slip in {101¯0} planes along <112¯0> di-
rection, (iii) pyramidal <a> slip in {101¯1} planes along <1¯21¯0> direction, (iv)
pyramidal <c+a> type-I slip in {101¯1} planes along <21¯1¯3¯> direction and (iv)
pyramidal <c+a> type-II slip in {21¯1¯2} planes along <112¯3> direction (Figure
2.4) [5, 54, 60–62]. In addition, three types of twins are also known to occur in
Mg and they are: (i) {101¯2} tensile twins with 86° <112¯0> rotation orientation
relationship between the twin variants and the un-twinned matrix, (ii) {101¯1}
compression twins with 56° <112¯0> rotation and (iii) {101¯1}-{101¯2} double
twins with 38° <112¯0> rotation between the twin variants and the untwined ma-
trix [2, 5, 60–62].
In general, magnesium deform preferably by the basal slip which is rela-
tively easier compared to the other non-basal dislocation slips as the critical
resolved shear stress (CRSS) for the basal slip is ~ 1/100 of that of the non-
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Figure 2.4: Slip systems in hexagonal closed packed crystal structure show-
ing the basal, prismatic, pyramidal <a>, pyramidal <c+a> type I and pyramidal
<c+a> type-II slip system [5].
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basal slip [60]. While the activation of <c+a> type non-basal pyramidal slip
is difficult at room temperature, occurrence of <a> and <c+a> type non-basal
pyramidal slips are reported at elevated temperature [60, 63]. This is due to
the fact that the CRSS of prismatic and pyramidal systems decrease with in-
creasing temperature [60, 64]. Hence, at room temperature, magnesium with
HCP crystal structure fails to meet the Von Mises criterion of five independent
slip systems for homogenous plastic deformation [24, 60]. So, to satisfy the
Von-Mises criterion, the mechanical twinning provides independent deforma-
tion modes in addition to the above mentioned dislocation slips [24, 60]. The
commonly observed twin planes which accommodate the extension and con-
traction along the c-axis are {101¯2} and {101¯1} respectively [24, 60]. It results
in the reorientation of a volume of crystal planes so that the dislocations are in
a favourable orientation to facilitate the slip.
The preferred orientation of the crystallographic planes (texture) is consid-
ered very important in deformation processing of Mg as the thermo-mechanical
processes like extrusion results in strong texture development (aligning the basal
planes strongly into the extrusion direction). While this type of crystallographic
orientation favours compressive deformation by tensile twinning (i.e. extension
along c-axis), it is highly unfavourable for the basal slip to occur. This would
contribute to the tension-compression yield asymmetry and poor tensile ductil-
ity of extruded Mg-based materials is limited if the testing is carried out parallel
to the extrusion direction [65–67]. In order to improve the mechanical response,
especially the tensile ductility and to promote isotropic mechanical properties of
extrude Mg materials, the texture modification/weakening is considered impor-
tant [68–70]. Such texture weakening resulting in non-basal slip activation and
improved tensile ductility is observed by various researchers [61, 71–77].
In the above mentioned studies, improved deformation behaviour (tensile
ductility) is achieved primarily by the activation of non-basal slip systems /
twinning, brought-forth by texture modification through severe plastic defor-
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mation processes [69, 78, 79]. Recently, several works have reported favourable
modification in texture of secondary processed materials, arising due to alloying
addition, giving rise to improved ductility [72, 74, 76, 77, 80, 81]. Stanford et.
al. [81] reported the efficacy of La, Ce and Gd rare earth elements in promoting
the formation of RE texture and texture weakening. Mishra et. al [80] studied
the effect of cerium addition to pure Mg and observed 31 % tensile ductility (240
% improvement) when 0.2 % Ce was added to Mg. This was attributed to the
texture modification due to RE addition which facilitated the yield mechanism
at lower strength levels and promoted homogeneous plastic deformation.
In this regard, literature review also reveals similar texture modification
resulting in improved deformation behaviour of Mg through the addition of
nanoscale dispersions such as nano-Al2O3, ZnO, BN etc. [6, 82–84]. The
texture modifications in these studies are qualitatively reported in terms of the
activation of non-basal cross slip observed in the TEM and X-ray texture results.
2.4 Processing methods
A variety of processing techniques are used to produce magnesium based metal
matrix composites which can be broadly classified into: (i) Solid phase process-
ing and (ii) Liquid phase processing [3, 51, 85]. The major significance in se-
lecting the processing method is the capability of process to produce materials
with homogeneously distributed reinforcement particulates, which is essential
to achieve desired mechanical properties.
2.4.1 Solid phase processing
Solid phase processes generally yield better strength properties in metal matrix
composites because of the minimal segregation effects and the (brittle interface)
reaction products. There are number of solid phase processing methods avail-
able which includes the blend-press-sinter methods and mechanical alloying.
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Blend-press-sinter technique is one of the conventional and well established
solid state processing methods for the production of metal matrix composites
[3, 17, 49, 51, 85, 86]. It is the main solid-sate process in use for metal-ceramic
and metal-metal particulates reinforced composites. In this method, the first
step is to blend the metal powder and the reinforcement particles. After blend-
ing, consolidation of blended powder mixture is done to obtain a green compact.
It is then forged or extruded. In some cases, hot isostatic pressing (compaction)
of the powder blend is done, prior to which complete outgassing is essential.
The advantage of PM method includes the capability of using different types
of reinforcements and possibility of higher volume fraction of reinforcements.
The major disadvantage is that this process cannot be used to produce complex
shapes. The other limitations include the difficulty in removal of the binder
which was used to hold the metal powder and reinforcement particles together
and the inherent danger in handling the highly reactive powder used in the pro-
cess.
Mechanical alloying is a solid state processing technique which is also called
as reactive ball milling as it involves the repeated cold welding, fracturing, and
re-welding of powder particles in a high energy ball mill [87, 88]. During this
process, the frictional heat developed at the particle interface results in local
melting and consolidation of powder particles and the rapid heat extraction by
the cooler particle interior causes rapid solidification. The composite powder
mixture obtained is then compressed and sintered in a hot isostatic pressing
process. This process is capable of synthesizing a variety of high strength equi-
librium and non-equilibrium alloy due to the high dislocation density and ho-
mogenous distribution of reinforcing constituents.
2.4.2 Liquid phase processing
When compared to solid state processing, the liquid phase processing methods
are economical. The problem associated with these processes is the wetting be-
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haviour of the molten matrix and reinforcements. Stir casting, melt infiltration
and spray processing are the commonly used liquid phase processes to manu-
facture Mg-metal matrix composites [2, 3, 23, 51, 85, 89].
Stir casting process is the popular method of producing metal matrix com-
posites since it is economical and has the ability to produce composites in large
quantities. It involves melting of selected matrix material and the introduction of
reinforcement into the molten matrix followed by mechanical stirring, resulting
in a suitable distribution of reinforcement in the matrix. The molten slurry con-
taining the reinforcement is then solidified using die casting, permanent mold
casting, or sand casting. Stir casting is suitable for manufacturing composites
with up to 30% volume fractions of reinforcement [16, 90].
The cast composites are sometimes subjected to secondary processing such
as extrusion to reduce porosity, refine the microstructure, and homogenize the
distribution of the reinforcement. Magnesium composites with various ma-
trix compositions, such as AZ31, Z6,CP-Mg (chemically pure magnesium),
ZC63,ZC71, and AZ91, have been produced using this method. FIgure 2.5
shows the principle of the stir casting of a magnesium matrix composite [16]. In
principle, it allows the use of conventional metal processing methods with the
addition of an appropriate stirring system such as mechanical stirring, ultrasonic
or electromagnetic stirring or centrifugal force stirring.
The major merit of stir casting is its applicability to large quantity produc-
tion. Among all the well-established metal matrix composite fabrication meth-
ods, stir casting is the most economical. The common problem associated with
the stir casting method is the increase in viscosity of the molten metal by the
addition of reinforcement, which can lead to the agglomeration and undesirable
distribution of reinforcements in the matrix material. Another common prob-
lem in this process is the formation of interfacial reaction products due to pro-
long melt-reinforcement contact time. Secondary processing such as extrusion,
rolling, forging etc. are often used after casting to reduce the porosity and ob-
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Figure 2.5: Schematic diagram showing (a) the incorporation of reinforcing
phase into metallic material prior to heating and (b) the stir casting setup [6]
tain finer microstructures and to increase the homogeneity of the second phases
and/or reinforcements [3, 51, 85, 91].
In squeeze casting process, the reinforcement (either powders or fibers/whiskers)
is usually made into a preform and placed into a casting mold. The molten
magnesium alloy is then poured into the mold and solidified under high pres-
sure. Compared to stir casting, squeeze casting has the advantages of allowing
higher volume fractions (up to 40- 50%) of reinforcement. Numerous magne-
sium matrix composites such as SiC/Mg, SiC/AZ91,Mg2Si/Mg, have been pro-
duced using this technology. Figure 2.6 illustrates the squeeze casting technique
employed for magnesium matrix composites.
Melt infiltration process involves the preparation of reinforcement into porous
preform followed by the injection of molten metal into the reinforcement pre-
form. The metal infiltrates through the open pores of the reinforcement to form
a composite. It involves the application of some pressurizing medium such as
gas or mechanical device [92]. Controlling appropriate pressure while injec-
tion is important as relatively higher pressures can damage the reinforcement.
This process can also be used to produce composites containing higher volume
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Figure 2.6: Schematic illustrating squeeze casting process operations. (a) Melt
charge, preheat, and lubricate tooling. (b) Transfer melts into die cavity. (c)
Close tooling, solidify melt under pressure. (d) Eject casting, clean dies, charge
melt stock [7]
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fraction of reinforcements. Some of the limitations are the damage of reinforce-
ments due to higher injection pressure, microstructural coarsening and forma-
tion of interfacial reaction products.
Gas injection of particulate reinforcement into molten metal was first in-
cepted in the 1960s, when Ni-coated graphite powders were injected into an Al
alloy melt with nitrogen gas to form a reasonably uniform distribution in the
final castings which solidified at moderately rapid rates [93, 94]. Gas injection
can be an economical method of fabricating magnesium matrix composites, but
further research is needed to further explore this particular technology.
Ultrasonic Cavitation process employs transient (in the order of nanosec-
onds) micro-hot spots due to ultrasonic cavitation which can reach temperatures
of about 5000 ºC , pressures above 1000 atms, and heating and cooling rates
above 1010 ºC/s . Such strong impact coupling with local high temperatures
will potentially break the nanoparticle clusters and clean the particle surface. G.
Cao et.al [95]developed SiC nanoparticles reinforced pure magnesium, Mg-4Zn
and Mg-(2, 4)Al-1Si by ultrasonic cavitation based solidification processing and
the experimental findings were promising.
In spray processing, the matrix material is melted together with the rein-
forcements and the molten slurry is sprayed onto the substrate. Alternatively,
the reinforcements may also be embedded on the substrate and the molten metal
is sprayed onto it. The major advantage of this technique is the high solidifica-
tion rate, which helps in achieving a fine grain structure with minimal interfa-
cial reaction products. However, this process is relatively not economical due to
the usage of high cost gases and generation of large amounts of residue mate-
rial. The disadvantages also include the presence of residual porosity which
requires further secondary processing and the limitation to produce intricate
shapes [3, 13, 51, 96].
Disintegrated melt deposition (DMD) is a unique processing method which
inherits the combined advantages of stir casting and spray processing techniques
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[6, 97]. This method involves the vortex mixing of ceramic reinforcements
into the matrix material and deposition of the resulting molten slurry onto a
metallic substrate after disintegration by jets of inert gases. Unlike conventional
spray processes, this method employs higher super heat temperatures and lower
impinging velocity which helps in achieving a bulk composite material with
no-over sprayed powders. Hence, this process offers both the features of (i)
fine grain structure and low segregation of reinforcements of spray process and
(ii) simplicity and cost effectiveness of conventional stir cast foundry process.
Hence, it was chosen as a primary processing method to synthesize the materials
studied in this work.
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The scope of current research work is to synthesize new titanium containing
magnesium materials using disintegrated melt deposition method and to char-
acterize the developed materials. The synthesis and characterization of new
titanium containing magnesium materials are carried out as follows.
Phase 1: Extended study on the microstructure and mechanical properties of
Mg-5.6Ti composite.
Phase 2: Study on the effect of aluminum (Al) addition and pre-processing
of Ti and Al particles on the microstructure and mechanical properties of Mg-Ti
composite.
New Mg-5.6Ti-3Al and Mg-(5.6Ti+3Al)BM materials are synthesized through the DMD
method followed by hot extrusion to study the effect of mode of Al addition to Mg-Ti
Phase 3: Study on the effect of nanoscale ceramic (Al2O3) addition and pre-
processing of the hybrid (micro-metallic + nano-ceramic) on the microstructure
and mechanical properties of Mg-Ti composite.
NewMg-5.6Ti-2.5Al2O3 andMg-(5.6Ti+2.5Al2O3)BM composites are synthesized through
the DMD method followed by hot extrusion to study the effect of ball milling the hybrid (Ti
and Al2O3) reinforcement
Phase 4: Synthesis and characterization of new Mg composites containing
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Ti particles hybridized with varying B4C volume fraction of nanoscale B4C par-
ticles.
New Mg-(5.6Ti+x-B4C)BM composites are synthesized through the DMD method fol-
lowed by hot extrusion to study the effect of nano-B4C hybridized Ti particle addition
Phase 5: Study on the effects of heat treatment on the microstructural and
mechanical properties of Mg-(5.6Ti+2.5B4C)BM composite.
3.2 Materials and methods
The summary of tasks carried out to synthesize and characterize new Mg ma-
terials is illustrated using a flow chart as shown in Figure 3.1. The details of
processing technique and parameters used in this study are explained in the sub-
sequent sections.
3.2.1 Materials
Mg turnings of > 99.9% purity (ACROS Organics, USA), was used as the ma-
trix material. The metallic and ceramic additions carried in this study include (i)
Ti particulates of particle size < 140 µm (purity 98%) supplied by Merck, Ger-
many, (ii) Al particulates of average particle size ~15 µm (purity 98%) supplied
by Alfa Aesar, USA, (iii) nanoscale Al2O3 particulates of particle size ~ 50 nm
supplied Baikowski, Japan and (iv) nanoscale B4C particulates of particle size
~ 50 nm supplied by Nabond, China.
3.2.2 Pre-processing of hybrid reinforcements / metallic ad-
ditions
The pre-processing of the hybrid reinforcements / metallic additions was car-
ried out using ball-milling, which is a solid-state processing technique. Retsch
PM-400 mechanical alloying machine was used for ball-milling the hybrid re-
inforcements. Prior to ball milling, the hybrid reinforcements / metallic par-
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Figure 3.1: Experimental overview on the synthesis and characterization of new
titanium containing Mg materials.
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ticulates were blended (without steel balls) for 1 hour (with 0.3 wt. % stearic
acid as process control agent) so as to ensure uniform mixing of reinforcements
/ metallic particulates. After blending, hardened stainless steel balls of diam-
eter 15 mm were added and the blended mixture was ball-milled for 2 hours.
Ball-milling was carried out to reduce the size of particulates and to allow the
metallic particulates to react with each other. The ball to powder weight ratio
was kept at 20:1 and the speed of the milling machine was set at 200 rpm during
the blending and ball milling processes [49].
3.2.3 Primary processing
The monolithic magnesium and other titanium containing magnesium-based
materials involved in this PhD work were synthesized using DMD technique
[6, 97]. It involved melting and superheating the magnesium turnings with
metallic /reinforcement additions to 750 °C under inert Ar gas atmosphere in
a graphite crucible. The superheated slurry is then stirred at 465 rpm for 5 min-
utes using a zirtex coated twin blade (pitch 45°) stirrer to facilitate the incor-
poration and uniform distribution of reinforcement particulates in the metallic
melt. It was then released through an orifice at the base of the crucible after dis-
integration by two jets of argon gas, orientated normal to the melt stream, and
subsequently deposited onto a metallic substrate located 500 mm from the disin-
tegration point. Ingot of 40 mm diameter was obtained following the deposition
stage. The synthesis of monolithic magnesium was carried out using similar
steps except that no reinforcement particulates were added. The deposited in-
gots obtained from DMD process were machined to a diameter of 36 mm and
cut into 45 mm billets. The schematic diagram of DMD technique is shown in
Figure 3.2.
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Figure 3.2: Schematic setup of DMD set-up.




The billets obtained from the DMD process were then hot extruded at 350 °C
to 8 mm rods (extrusion ratio: 20.25:1) using a 150-ton hydraulic press. Prior
to extrusion, the billets were heated at a constant temperature of 300 °C for 60
minutes. Colloidal graphite was used as lubricant. Samples from the extruded
rods (of 8 mm diameter) were used for further characterization.
Composite heat treatment
The overview of steps involved in composite heat treatment study is shown in
Figure 3.3. Initially, the samples cut from the extruded rods were subjected to
heat treatment at different temperatures between 100 ºC and 300 ºC for 1 hour
to study the effect of heat treatment on the microstructural characteristics. Prior
to heat treatment, the samples were coated with colloidal graphite and wrapped
in an aluminum foil to prevent oxidation. The microstructural and microhard-
ness measurements were conducted as per the following sections. Based on the
results, the temperature of significant grain growth and matrix softening was
identified and in the next step, the composite samples were heat treated at that
temperature for different time interval between 1 h to 5 h. The microstructural
and microhardness measurements were conducted to study the effect of heat
treatment time. Further, detailed microstructural and mechanical property anal-
ysis were carried out on the selected heat treatment condition.
3.2.5 Materials Characterization
Density measurements
The experimental mass densities of pure Mg and other Mg-based materials de-
veloped were determined using Archimedes’ principle. This involved weighing
the polished samples in air and then in distilled water using an A&D ER-182A
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Figure 3.3: Overview on the study of heat treatment effects.
electronic balance with an accuracy of ± 0.0001 g. The theoretical densities of
composites were calculated using the rule of mixtures as shown below [6, 97]:
ρth =Vrρr+(1−Vr)ρm (3.1)
where ρthis theoretical density (g/cc),Vr is volume fraction of reinforcement,
ρr is density of reinforcement (g/cc) and ρm is density of matrix material (g/cc).




whereρeis experimental density (g/cc),Wa is weight of specimen in air,Ww
is weight of specimen in water, ρa is density of air (0.001225 g/cc) and ρw is
density of water (1 g/cc).
The porosity of composite material was calculated using the following equa-
tion:





Density values of matrix alloying elements and reinforcements used for
computation of theoretically and porosity were ρMg = 1.74 g/cc; ρTi = 4.5 g/cc;
ρAl = 2.7 g/cc; ρAl2O3 = 3.95 g/cc; ρB4C = 2.5 g/cc.
X-ray diffraction studies
X-ray diffraction (XRD) analysis was carried out on the ball milled powder and
the polished samples (along the cross section of extruded rods, unless specified
otherwise) of the developed Mg-materials using an automated Shimadzu LAB
X XRD-6000 diffractometer. The samples for x-ray diffraction (XRD) analysis
were exposed to Cu Kα radiation (λ= 1.54056 A˚) at a scanning speed of 2
°/min. The Bragg angles and the values of interplanar spacing, d, obtained were
matched with standard values for Mg, Ti, Al and other related phases.
Microstructural characterization
The presence and distribution of second phases in Mg matrix of developed Mg-
materials were studied using a Hitachi S-4300 field emission scanning elec-
tron microscope (FESEM) and a Jeol JXA-8530F electron probe micro ana-
lyzer (EPMA). The grain morphology and the distribution of second phases /
reinforcement particulates in Mg matrix were studied on the as-polished sam-
ples. A Hitachi S-4300 field emission scanning electron microscope (FESEM)
equipped with energy dispersive X-ray spectroscopy (EDS), a Jeol JSM-5800
LV scanning electron microscope (SEM), an Olympus metallographic optical
microscope and Scion image analysis software were used for this purpose.
For orientation imaging microscopic (OIM) analysis to study the grain char-
acteristics and crystallographic texture evolution of Mg-matrix, an ESEM Quanta
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200, FEI Field Emission Gun Scanning Electron Microscope (FEG - SEM)
equipped with electron back scattered diffraction (EBSD) detector was used.
The grain characteristics of Mg-matrix were studied in terms grain size and its
distribution. The results of microstructural evolution studies based on EBSD
scan were obtained in the form of inverse pole figure (IPF) maps, misorienta-
tion distribution (MD), grain boundary character distribution (GBCD), kernel
average misorientation distribution (KAM) and grain orientation spread (GOS)
map. For the micro-texture analysis, the pole figures (PF) and orientation distri-
bution function (ODF) were calculated from the EBSD maps. The test samples
for EBSD scanning were prepared by electro polishing in a 3:5 volume fraction
of ortho-phosphoric acid and ethanol in an electro-polishing unit with a stain-
less steel cathode at 3 V for 30 s followed immediately by 2.5 V for 2 min.
The EBSD scans were recorded on the surface parallel to the extrusion direction
(ED). TSL software was used for the OIM data acquisition and analyses.
Thermomechanical analysis
An INSEIS TMA PT 1000LT thermo-mechanical analysis instrument was used
to determine the coefficient of thermal expansion (CTE) of the developed Mg-
based materials. Heating rate of 5 °C/min was maintained. Argon Gas flow
rate was maintained at 100 cc/min. Displacement of the test samples (each 5
mm long) as a function of temperature (50 to 400 °C) was measured using an
alumina probe and was subsequently used to determine the CTE.
Microhardness measurements
The microhardness measurements were carried out on the as-polished samples
of pure Mg and other Mg-based materials using Matsuzawa MXT 50 automatic
digital Microhardness tester. Vickers indenter under a test load of 25 gf and a
dwell time of 15 s was used to perform the micro hardness tests in accordance
with the ASTM: E384-11e1. The tests were conducted on three samples for
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each composition for 10-15 repeatable readings.
Tensile properties
A fully automated servo-hydraulic mechanical testing machine, Model-MTS
810 was used to determine the tensile properties of the developed Mg-based
materials, in accordance with ASTM: E8/8M-13a. The crosshead speed was set
at 0.254 mm/min. Specimens with 5 mm diameter and 25 mm gauge length was
used. Instron 2630 - 100 series clip-on type extensometer was used to measure
the failure strain. For each composition, a minimum of 5 tests were conducted
to obtain repeatable values.
Compressive properties
The compressive properties of the developed Mg-based materials along with
pure Mg were determined in accordance with ASTM: E9-09 using MTS 810
testing machine with a crosshead speed set at 0.04 mm/min. Compressive test
specimens of 8 mm diameter with length to diameter ratio, l/d ~1, were used.
For each composition, a minimum of 5 tests were conducted to obtain repeatable
values.
Fractography
The fracture surface analyses of all the Mg-materials, tested under tension and
compression, were studied using Jeol JSM-5800 LV SEM and Hitachi S-4300
FESEM.
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Chapter 4
Microstructural and mechanical
properties of Mg-5.6Ti composite
4.1 Introduction
The effect of titanium particle addition on the tensile response of pure Mg was
first studied by Hassan and Gupta [20] and they reported that the addition of 5.6
wt. % Ti to Mg resulted in Mg-5.6Ti composite with improved yield strength
(+ 60 %) and ductility (+ 45 %). Similar improvement in mechanical properties
of Mg through Ti addition was reported by Perez et al. [57], Lu et al. [58]
and Umeda et al. [59]. Hence, the magnesium composite containing 5.6 wt.
% Ti was identified as the base material for this PhD research and this chapter
focusses on the detailed investigation conducted on the microstructure, texture,
tensile and compressive properties of Mg-5.6Ti composite.
4.2 Results and discussion
4.2.1 Macrostructure
Synthesis of pure Mg and the Mg-5.6Ti were successfully carried out by the
DMD process followed by hot extrusion. The visual observation of the surfaces
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Figure 4.1: Macrographs of a cast ingot, a machined billet and an extruded rod.
of the cast ingots and the extruded rods (Figure 4.1) indicates no macrostructural
defects [20, 98]. The inert Ar gas atmosphere during melting and casting has
prevented the oxidation of Mg melt. Also there was no reaction between the Mg
melt slurries with the graphite crucible [20, 98], which attributes to the inability
of Mg to form stable carbides. The characterization results clearly indicate the
feasibility of the DMD process as a potential fabrication technique for titanium
containing Mg based materials and the suitability of processing parameters used
in this study [20].
4.2.2 Density Measurements
The results of the density measurements conducted on pure Mg and Mg-5.6Ti
are tabulated in Table 4.1. From the values of experimental and theoretical
densities, it can be seen that near-dense materials have been developed. The
volumetric porosity calculated from the theoretical and experimental density
values indicate that amongst pure Mg and Mg-5.6Ti, higher porosity level is
observed in case of Mg-5.6Ti. However, it is relatively very low and is found to
be < 0.1%.
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1 Pure Mg 1.7400 1.7129 ± 0.0015 0.0156
2 Mg-5.6Ti 1.8019 1.7092 ± 0.0128 0.0515
4.2.3 X-ray diffraction studies
Figure 4.2 shows the x-ray diffraction pattern of the extruded pure Mg and its
composite containing Ti particles. When Mg is incorporated with Ti (Mg-5.6Ti),
the x-ray analyses indicate that no intermetallic phases are formed (Figure 4.2).
Based on the Mg-Ti binary phase diagram, the solubility of Ti in Mg is neg-
ligible and does not form any intermetallic phase [99]. Hence the addition of
insoluble element Ti to Mg is regarded as a metallic reinforcement, i.e. Mg-
5.6Ti composite which is composed of (Mg+Ti).
Further the x-ray diffractograms can also be used to identify the change in
crystallographic orientation (texture) due to Ti addition. It shows that in pure
Mg, most of the basal planes are aligned parallel to the extrusion direction and
hence the intensity of basal (0002) peak at 34° was less compared to the pris-
matic (101¯0) and pyramidal (101¯1¯) peaks at 32° and 36° respectively. It in-
dicates a typical extrusion texture in pure Mg (c/a = 1.634) with most of the
basal planes aligned (nearly) parallel to the extrusion direction [62, 65, 100].
However, in case of Mg-5.6Ti, the intensity of basal peak at 34° is found to
increase compared to pure Mg. This shows that the addition of Ti resulted in
a change in the crystallographic orientation, i.e. the basal planes are not com-
pletely parallel but aligned at an angle to the extrusion direction. It indicates
the weakening of strong basal texture of Mg due to Ti addition. Similar texture
randomization was reported by Garces et al. [65, 68, 101], wherein the presence
of micron-sized ceramic particulates was identified to contribute towards texture
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1 Pure Mg 21 ± 3 1.63 ± 0.44
2 Mg-5.6Ti 15 ± 4 1.58 ± 0.40
weakening. In case of Ti addition to Mg, the non-basal cross-slip activation by
the texture weakening is reported in the literature [20, 57].
4.2.4 Microstructure
The microstructure and grain characteristics of pure Mg and Mg-5.6Ti compos-
ite are shown in Figure 4.3 and Table 4.2. From Table 4.2 and Figures 4.3(a
& b), it can be seen that when compared to pure Mg, the optical micrograph
of titanium containing Mg-5.6Ti display grain refinement due to Ti particulates
addition. The reduction in grain size can be attributed to the particle stimulated
nucleation and enhanced recrystallization effects offered by the Ti particles on
Mg matrix during extrusion [102, 103]. Figure 4.3(c & d) shows the distribution
of Ti particles (Figure 4.3c) with good bonding (facilitated by the good wetta-
bility between molten Mg and Ti, [104]) and no reaction products (Figure 4.3d)
in Mg-5.6Ti.
4.2.5 Coefficient of Thermal Expansion
Table 4.3 shows the thermal expansion coefficients of pure Mg and the devel-
oped Mg-5.6Ti composite. When compared to pure Mg, the addition of Ti par-
ticles in Mg-5.6Ti results in a slight reduction in the CTE values as observed
in Table 4.3. This marginal improvement in dimensional stability (reduction in
CTE) attributes to the lower CTE values of Ti particles (~ 9.1 µ/°C) [105, 106].
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Figure 4.2: X-ray diffractograms of extruded Mg materials.
Table 4.3: Results of CTE measurements
S. No. Materials Thermal Expansion
Coefficient (µ/°C)
1 Pure Mg 28.52
2 Mg-5.6Ti 27.22
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Figure 4.3: Optical micrographs showing the grain characteristics of (a) Pure
Mg and (b) Mg-5.6Ti and SEM micrographs showing the (c) distribution of Ti
particles in the Mg-matrix and the (d) good bonding between Mg and Ti without
reaction products at Mg/Ti interface in Mg-5.6Ti.
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Table 4.4: Results of microhardness measurements
S. No. Materials Microhardness
(Hv)
1 Pure Mg 48 ± 1
2 Mg-5.6Ti 71 ± 2
4.2.6 Microhardness
Table 4.4 shows the results of the microhardness measurements. When com-
pared to pure Mg, the addition of Ti, significantly increases the hardness values.
It can be seen that when compared to pure Mg, the hardness values of Mg-5.6Ti
has almost increased by ~ 45 %. This increase in hardness values corresponds
to the presence of comparatively harder second phase Ti particles (98 Hv) in
Mg-5.6Ti composite [20].
4.2.7 Tensile and compressive properties
The tensile properties of extruded pure Mg and Mg-5.6Ti composite are listed in
Table 4.5. The table also shows the tensile properties of several Mg-composites
available from literature [20, 53, 59, 107–110]. From the results, it can be ob-
served that when compared to pure Mg, significant improvement in both the
yield strength and ultimate tensile strength alongside slight improvement in duc-
tility can be achieved by the addition of insoluble Ti particulates. Figure 4.4
shows the representative engineering stress-strain curve of the monolithic Mg
and Mg-5.6Ti materials tested under tension.
Table 4.6 shows the room temperature compressive properties of the ex-
truded monolithic Mg and its composite containing titanium particles. The ad-
dition of insoluble element, Ti, while slightly increases the compressive yield
strength value (from 65 MPa to 75 MPa), the ultimate compressive strength
is found to increase significantly (from 250 MPa to 350 MPa). However, the
strength improvement under compressive loading occurs at the expense of com-
pressive ductility (by 30 %). Figure 4.5 shows the representative engineering
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Table 4.5: Results of room temperature tensile testing












1 Pure Mg 120 ± 9 169 ± 11 6.2 ± 0.7
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8 Mg-2.5Al2O3
(DMD) [108]




























Synthesis and characterization of Titanium containing Magnessium materials 46
4.2.7 Tensile and compressive properties
Figure 4.4: Engineering stress-strain curve of pure Mg and Mg-5.6Ti composite
under tensile loading..
stress-strain curve of the materials tested under compression.
From Tables 4.4 & 4.5, the improvement in mechanical properties of Mg
when incorporated with Ti particulates (Mg-5.6Ti composite) is evident under
both tension and compression. Also, the Mg-5.6Ti composite exhibits strength
and ductility values that are similar to or higher than those of ceramic reinforced
Mg-composites, a few of which are listed in Table 4.5 and Table 4.6. These
results indicate that the addition of Ti particles strengthen the composite by
efficient load transfer.
The improvement in tensile and compressive properties (Tables 4.5 & 4.6,
Figures 4.4 & 4.5) in Mg-5.6Ti composite in comparison to pure Mg could be
attributed to coupled effects of (i) the inherent hardness and strength properties
(0.97 GPa) of Ti particulate reinforcements [20], (ii) the morphology and dis-
tribution in Mg matrix [114–116], (iii) the effective load transfer from the Mg-
matrix to the reinforcing phase facilitated by the good wettability between Mg
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Table 4.6: Results of room temperature compression testing













1 Pure Mg 65 ± 4 248 ± 8 19.2 ± 1.1
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Figure 4.5: Engineering stress-strain curve of pure Mg and Mg-5.6Ti composite
under compressive loading.
and Ti in the absence of interfacial chemical bonding [104], (iv) the ability of Ti
particulates for grain nucleation and refinement which results in an increase in
the dislocation density by impeding its movement which in-turn onset the plas-
tic deformation and improves the yield strength (Hall-Petch strengthening) [54],
(v) generation of geometrically necessary dislocations (GND) to accommodate
the CTE mismatch and (vi) crystallographic texture.
The mismatch in thermal expansion coefficients between the matrix (αMg =
28.9 µ/°C, GMg = 17.3 GPa) and reinforcements (αTi = 8.6 µ/°C, GTi = 44 GPa)
result in the introduction of thermal residual stress in the composites [105, 106].
In turn, the thermal residual stress would increase the dislocation density at
the particle/matrix interface and hence contribute to the plastic deformation and
strength properties improvement [48, 54]. The improvement in yield strength
to accommodate the CTE mismatch between the matrix and the particle, due
to the generation of geometrically necessary dislocations is given by the Taylor
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where, A is a constant characterizing the transparency of the dislocation
forest for basal–basal dislocation interaction in magnesium, M is the mean ori-
entation factor for magnesium GMg is shear modulus of Mg, b is the burgers








Further, the results of x-ray measurements are significant to comprehend the
influence of Ti particulates on microstructural features and hence on mechan-
ical properties (especially, the increment in tensile ductility). In general, Mg
materials deform by the activation of different dislocations slips and twinning
modes and the activation of these deformation modes are related to its critical
resolved shear stress (CRSS) levels which in turn, depends on the crystalline
orientation by Schmid factor [54, 65, 118]. Based on the lower CRSS values,
basal slip (principal slip system) is the major deformation mechanisms at room
temperature. From the x-ray texture results (Figures 4.2), it is observed that
the addition of titanium particulates has resulted in a change in the crystallo-
graphic basal texture of Mg due to Ti addition. For the typical basal texture
observed in pure Mg (Figure 4.2), mechanical twinning is an important defor-
mation mode as the basal slip is difficult to be activated in such a situation [66].
Hence, under tensile loading, most of the grains in pure Mg would undergo a
compressive deformation parallel to the c-axis which favours {101¯1} contrac-
tion twins [54, 65, 66, 118]. However in the case of Mg-5.6Ti composite, the
presence of Ti particulates could possibly result in a slip transition (non-basal
slip) as indicated by the change in the crystallographic orientation (Figures 4.2).
Similar results were obtained by Goh et al. [119, 120], wherein the presence of
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carbon nanotubes in Mg-matrix resulted in the rotation of basal planes by ~ 20º
from the extrusion direction and favoured the activation of non-basal slip.
In comparison, Mg with other metallic reinforcements like Ni or Cu reported
in the available literature [18, 19] show poor tensile ductility, which is due to the
chemical activity between Mg and Ni/Cu forming brittle intermetallics with Mg
such as Mg2Cu, Mg2Ni etc. In the present case, the improved deformation be-
haviour (both strength and ductility) of Mg-5.6Ti is not only due to the absence
of formation of Mg-based intermetallic phases [1, 99], but also due to the good
wettability and structural compatibility of Ti and Mg (HCP structure) [104].
While the strength properties improvement under tension occurs without
compromising (or with considerable improvement in) the tensile ductility, the
increase in compressive strength properties (especially, Ultimate Compressive
Strength) are accompanied by a reduction in compressive ductility in compar-
ison to pure Mg. This could be attributed to the (i) inherent low compres-
sive strain [121] of titanium vis-à-vis under tension [122] and (ii) difference
in deformation mode and the crystallographic orientation [62, 65, 66]. While
the tensile deformation of textured (extruded) Mg materials is slip dominated;
the compressive deformation of Mg materials is (extension) twinning governed
[66, 123, 124]. This could be clearly understood by the difference in stress-
strain response under tensile and compressive loading conditions (Figures 4.4
& 4.5). The stress-strain curve under compression exhibits an upward concave
nature corresponding to the twinning and strain hardening mechanisms [2]. It
can be further verified using the results of x-ray diffraction analysis conducted
on the samples tested under compressive loading.
Figure 4.6 shows the x-ray diffractograms of Mg and Mg-5.6Ti composite
before and after compressive loading. After compression, the samples of both
pure Mg and Mg-5.6Ti composite clearly indicate reorientation of Mg crystals
(change in peak intensity). As the x-ray measurements were carried out on the
cross section of the extruded samples, the increase in basal plane intensity (peak
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Figure 4.6: X-ray diffractograms of pure Mg and Mg-5.6Ti (a) before and (b)
compression loading.
at 34°) after compression shows that the basal planes which were initially par-
allel to the extrusion direction and not subjected to the x-ray becomes perpen-
dicular and gets exposed to the x-ray radiation. This hence, corresponds to the
rotation of crystal planes in Mg by 86° due to tensile twinning during compres-
sion. The obtained results (Figure 4.6) are consistent with the findings of other
researchers on Mg materials [2, 17, 76, 125, 126]. The results also show that the
presence of Ti particles did not affect the reorientation of lattice structure which
suggests that that the bulk failure mechanisms in monolithic Mg and its com-
posite are similar under compressive loading. However, while the formation and
propagation of tensile twins were favoured in the absence of any second phases
which results in higher fracture strain as in the case of pure Mg, the presence of
second phase titanium reinforcements in the Mg-5.6Ti composite obstructs the
twin nucleation and propagation [76, 125]. Hence, the restricted twinning pro-
cess in case of Mg-5.6Ti composite contributes to the relatively higher strength
and the poor failure strain [62, 65, 66].
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Figure 4.7: Fractography of Mg-based materials after tensile loading (a) domi-
nant cleavage fracture in pure Mg, (b) ductile features and (c) particle debonding
in Mg-5.6Ti.
4.2.8 Fractography
Figure 4.7 shows the fracture surfaces of the tensile test fractured Mg materials.
In the case of pure Mg (Figure 4.7a), fracture occurs by cleavage mode inter-
spersed with ductile features. In Mg-5.7Ti, the tensile fracture surface show
mixed mode fracture (ductile + cleavage) modes (Figure 4.7b, 4.7c). Although
the fractograph shows ductile features (Figure 4.7b), particle debonding is also
observed (Figure 4.7c). As the hard Ti particles efficiently aid in the load bearing
capacity, they resist crack propagation and thereby increase the tensile ductility
[57]. However, as Ti is insoluble in Mg (chemical inertness), the matrix-particle
interface would be predominantly governed by mechanical bonding due to the
good wettability between Ti and Mg, rather than chemical bonding [114]. Hence
when the maximum load is reached, rather than particle fracture, debonding of
Ti particulates would occur (Figure 4.7c).
Figure 4.8(a-b) shows the fracture surfaces of the test materials after com-
pressive loading. In both the samples (i.e pure Mg and Mg-5.6Ti), fracture
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Figure 4.8: Fractographs of pure Mg and Mg-5.6Ti under compression showing
dominant shear failure.
occurred at ~ 45° angle with respect to the compression test axis and the fail-
ure was initiated near to the specimen ends and the fractographic evidences in
both the cases reveal shear bands attributed to twinning shear. These findings
corroborates with the results of compression test which suggested similar fail-
ure mechanisms in monolithic Mg and Mg-5.6Ti composite under compressive
loading [2, 17, 127]. However, the effects of microstructural characteristics are
found to influence the fracture behaviour. The fracture surface of pure Mg ex-
hibit dominant shear failure and showed more shear bands when compared to
Mg-5.6Ti composite, which on the other hand shows rough fracture surfaces
with mixed mode of shear and brittle features (Figure 4.8a,b).
4.3 Conclusions
DMD technique can successfully synthesize magnesium composites contain-
ing metallic reinforcements and the following are the conclusions that could be
drawn from the present study:
1. The addition of strong and stiff metallic element (Ti) to Mg formed Mg-
5.6Ti composite which is due to the insoluble nature of Ti in Mg.
2. Microstructural studies indicate grain refinement due to the uniform dis-
tribution of Ti particles as the particles aided in grain nucleation and re-
crystallization.
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3. X-ray analyses showed the change in dominant crystallographic orienta-
tion and weakening of basal texture due to the addition of Ti particles.
4. Mechanical properties characterization showed improvement in strength
properties occurred without compromising ductility under tension, wher-
ras the ductility was reduced during compression.
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The aim of this study is to improve the mechanical properties of pure Mg
through the combined addition of insoluble (Ti) and soluble (Al) metallic el-
ements either directly or after prior ball milling. The Mg materials for the cur-
rent study are prepared by liquid-state processing using the disintegrated melt
deposition (DMD) technique [98]. The developed Mg-based materials are char-
acterized for the microstructural and mechanical properties. Investigations are
undertaken to study the effect of the combined addition and pre-processing of
mutually soluble and insoluble metallic elements using processing-structure-
property relationship.
5.2 Results and discussion
5.2.1 Macrostructure
Synthesis of pure Mg and the Mg-based materials was successfully carried out
by the DMD process followed by hot extrusion. The surface of both as-cast
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1 Pure Mg 1.7400 1.7129 ± 0.0015 0.0156
2 Mg-5.6Ti 1.8019 1.7092 ± 0.0128 0.0515
3 Mg-5.6Ti-3Al 1.8221 1.7405 ± 0.0064 0.0448
4 Mg-(5.6Ti+3Al)BM 1.8221 1.7781 ± 0.0142 0.0241
ingot and extruded rods were smooth and free from any circumferential defects
which clearly designates the suitability of processing parameters used in this
study [20, 98].
5.2.2 Density Measurements
The results of the density measurements conducted on the Mg-based materials
are tabulated in Table 5.1. From the values of experimental and theoretical
densities, it can be seen that near-dense materials have been developed. The
volumetric porosity calculated from the theoretical and experimental density
values indicate that the addition of Al slightly reduced the porosity level of Mg-
5.6Ti composite.
5.2.3 X-ray analysis and Microstructure
Figure 5.1 shows the x-ray diffraction pattern of the developed Mg-based mate-
rials and also that of the ball milled (5.6Ti+3Al)BM powder. The XRD pattern
of the ball milled powder (5.6Ti+3Al)BM shows prominent peaks correspond-
ing to Ti. In addition, peaks identifiable with Al3Ti intermetallic phase are also
observed. In Mg-5.6Ti, only peaks corresponding to pure Mg and Ti are ob-
served indicating that no phase formation occurs between Mg and Ti. In Mg-
(5.6Ti+3Al)BM, the peaks identified are that of Mg, Ti and Al3Ti intermetallic
phase. On the other hand, in Mg-5.6Ti-3Al, no Al3Ti peak is observed. Rather,
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Figure 5.1: X-ray diffraction pattern of developed Mg-based materials and ball
milled powder.
peaks corresponding to Mg17Al12 intermetallic phase can be seen in addition to
the Mg and Ti peaks. Considering the Al-Ti phase diagram [20, 99], the predom-
inant equilibrium intermetallic phases are Ti3Al, Ti2Al5, AlTi, Al2Ti and Al3Ti
respectively. Thermodynamic estimations show that the free energy of forma-
tion of Al3Ti is estimated to be -33 kJ/mol, and is the lowest when compared to
AlTi and Ti3Al, as Ti2Al5 and Al2Ti are considered as transitional phases [128].
Figure 5.2(a-d) shows the size and distribution of the particles. The uneven
particle size of the as-received Ti and Al particulates are evident from the mi-
crostructure and image analysis results (Figure 5.2 a,b and d), while relatively
uniform-sized particles are seen in the ball milled (5.6Ti+3Al)BM powder (Fig-
ure 5.2c,d). Also the size of the particulates in the (5.6Ti+3Al)BM powder is
small compared to the as-received Ti particulates (Figure 5.2d). From the mi-
crographs it can also be seen that the as-received Ti particulates (Figure 5.2a,b)
contain more number of sharp edges whereas the ball milled (5.6Ti+3Al)BM
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Figure 5.2: SEM microstructure of (a) as received Ti, (b) as-received Al and (c)
ball milled powder. (d) shows the comparison of the variation of particle size
with the number of particles in the as-received and ball milled powders.
powder contains Ti particles with blunted corners and rounded edges (Figure
5.2c).
In the present work, although the composition of the powders used for ball-
milling lies in the compositional range of AlTi intermetallic phase formation (65
% Ti - 35 % Al), based on the free energy estimates, it is expected that Al3Ti
phase is likely to form during the solid-state reaction. Such a behaviour was re-
ported by Yang et al [128] in their work on Mg-Al-Ti during reactive sintering.
According to their work [128], due to the absence of chemical reactions between
Mg and Ti, and based on the free energy considerations, the Al3Ti intermetallic
phase is preferentially formed during soli-state reactive sintering. In the present
case, several rod-like particles observed in the powder after ball-milling (Fig-
ure 5.2d) indicates the formation of Al3Ti, thus confirming the results of XRD
analysis (Figure 5.1). Further, microstructural investigation of the ball milled
powder reveal the change in the morphology of elemental particulates of Al and
Ti after the ball milling process (Figure 5.2c), with the sharp corners of the as-
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1 Pure Mg 21 ± 3 1.63 ± 0.44
2 Mg-5.6Ti 15 ± 4 1.58 ± 0.40
3 Mg-5.6Ti-3Al 10 ± 5 1.63 ± 0.45
4 Mg-(5.6Ti+3Al)BM 8 ± 2 1.58 ± 0.44
received particulates eventually being rounded due to ball milling. In addition,
the distribution of number of particulates vs. particulate size also indicates the
changes induced as a result of ball milling, such as the reduction in the size of
larger Ti particulates (Figure 5.2d).
The microstructure and grain characteristics of pure Mg, Mg-5.6Ti, Mg-
5.6Ti-3Al and Mg-(5.6Ti+3Al)BM are shown in Figure 5.3(a-d) and Table 5.2.
From Table 5.2 and Figure 5.3, it can be seen that all the Mg-based materials de-
veloped show lower grain sizes (grain refinement) when compared to pure Mg.
It can also be observed that while the grain size of the Mg-materials contain-
ing Al (both the direct addition and pre-processed addition) show relatively fine
grain sizes (< 10 µm) compared to that containing Ti alone (i.e. Mg-5.6Ti). Fig-
ure 5.4(a-c) shows the distribution of second phase/particles in the Mg-matrix.
From the microstructures in Figure 5.4(b-d), it can be seen that, several blocky
and rod-like particles are observed in Mg-(5.6Ti+3Al)BM (Figure 5.4d) in addi-
tion to the Ti particles.
Upon the incorporation of (5.6Ti+3Al)BM powder in Mg, the bulk compos-
ite, Mg-(5.6Ti+3Al)BM reveals the presence of Al3Ti intermetallics, as observed
from the phase identification (Figure 5.1, XRD). This is due to the non-reactivity
of Mg and Ti [20, 99], and owing to the free energy of formation of Al3Ti [129].
The formation of Al3Ti is also supported by SEM micrographs (Figure 5.4)
wherein several blocky or rod-shaped particles of size ~ 10 to 50 µm are evi-
dent. Further, it should also be noted that no Mg17Al12 phase is detected. From
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Figure 5.3: Optical micrographs of (a) Pure Mg, (b) Mg-5.6Ti, (c) Mg-5.6Ti-
3Al and (d) Mg-(5.6Ti+3Al)BM.
earlier reports, the Al3Ti usually forms as blocky, rod-shaped or needle-shaped
particles, with the size varying between submicron to several tens of microns
[130–133]. Hence, the Mg-(5.6Ti+3Al)BM can be considered as an intermetal-
lic reinforced Mg-composite, which is composed of Mg+(Ti+Al3Ti). In com-
parison, the formation of Mg17Al12 eutectic phase can be observed from the
x-ray diffraction pattern (Figure 5.1) of Mg-5.6Ti-3Al, wherein Al and Ti are
added directly during Mg melting. The estimated free energy of formation of
Mg17Al12 phase (liquid state) reported in literature is found to be - 40 kJ/mol
at 750 °C [133], which is more negative than that of Al3Ti [128]. Hence the
direct addition of Al and Ti to Mg during liquid-state processing favours the
formation of Mg17Al12 rather than that of Al3Ti. Therefore, the direct addi-
tion of Al and Ti into Mg can be regarded as Mg-5.6Ti-3Al composite with Al
as alloying addition and Ti as metallic reinforcement, i.e. Mg+(Ti+Mg17Al12).
Based on these observations, it is evident that the pre-processing of metallic ele-
ments (solid-state reactive milling) significantly influence the microstructure of
the developed Mg-based materials.
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5.2.3 X-ray analysis and Microstructure
Figure 5.4: SEM/EDS microstructures showing the distribution of (a) Ti in Mg-
5.6Ti, (b-c) Ti and Mg17Al12 phases in Mg-5.6Ti-3Al and (d-e) Ti and Al3Ti
phases in Mg-(5.6Ti+3Al)BM.
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Table 5.3: Results of CTE measurements
S. No. Materials Thermal Expansion
Coefficient
(µ/°C)




Further, based on the microstructural analysis, when compared to the rest of
the Mg-based materials developed, the addition of ball-milled (5.6Ti+3Al)BM
powder to Mg, (i.e. in Mg-(5.6Ti+3Al)BM composite), has resulted in the re-
duction of average grain size of the composite, which is evident from the mi-
crostructure and the image analysis results (Table 5.2, Figure 5.4d). As men-
tioned earlier, ball milling significantly reduces the average size and shape of the
particles, and increases the number of small sized particles (Figure 5.4c). Thus,
during recrystallization, the increase in the number of sites for grain nucleation
(large number of small sized particles), effectively reduces the matrix grain size
[108]. Further, the relatively higher porosity levels in Mg-5.6Ti and Mg-5.6Ti-
3Al (Table 5.1) could be attributed to the formation of metal free zones at the
sharp corners of Ti particulates, as a result of the inability of high viscosity
particulate-molten alloy slurry to negotiate the sharp corners [97]; this would
have been avoided in Mg-(5.6Ti+3Al)BM due to the round edged morphology
obtained in the particles after ball milling.
5.2.4 Coefficient of Thermal Expansion
Table 5.3 shows the thermal expansion coefficients of pure Mg and the devel-
oped Mg based materials with Al and Ti additions. When compared to pure
Mg, while an increase in the CTE value is observed in Mg-5.6Ti-3Al, Mg-
(5.6Ti+3Al)BM shows a reduction in CTE value.
Based on the results of CTE measurements (Table 5.3), the slight increase in
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Table 5.4: Results of microhardness measurements
S. No. Materials Microhardness
(Hv)
1 Pure Mg 48 ± 1
2 Mg-5.6Ti 71 ± 2
3 Mg-5.6Ti-3Al 78 ± 3
4 Mg-(5.6Ti+3Al)BM 93 ± 3
the thermal expansion coefficients of Mg-5.6Ti-3Al with respect to pure Mg and
Mg-5.6Ti is due to the higher CTE value of Mg17Al12 (~ 29.3 µ/°C) [134] when
compared to pure Mg (~ 27.1 µ/°C) [105]. On the other hand, the decrease in
CTE observed in Mg-(5.6Ti+3Al)BM attributes to the low CTE values of Ti (~
9.1 µ/°C) [105] and Al3Ti intermetallic phase (~ 13 µ/°C) respectively [135].
5.2.5 Mechanical properties
Table 5.4 shows the results of the microhardness measurements. Pure Mg shows
the lowest hardness values. When compared to pure Mg, the addition of indi-
vidual Ti or in combination with Al, significantly increases the hardness values
and this increase in hardness value corresponds to the presence of compara-
tively harder second phases such as Ti (in Mg-5.6Ti, Mg-5.6Ti-3Al and Mg-
(5.6Ti+3Al)BM), Mg17Al12 (in Mg-5.6Ti-3Al) and Al3Ti (in Mg-(5.6Ti+3Al)BM).
Further, it can be seen that the hardness values of Mg-(5.6Ti+3Al)BM has almost
increased by ~ 95 % (i.e. doubled in value), when compared to pure Mg and the
maximum mean hardness value observed is due to the inherent high hardness of
Al3Ti (~ 4 GPa) [136]. The increase in hardness values occurs in the following
order: Mg < Mg-5.6Ti < Mg-5.6Ti-3Al < Mg-(5.6Ti+3Al)BM.
The tensile test results of the developed Mg-based materials are shown in
Table 5.5. From the results, it can be observed that when compared to pure
Mg, significant improvement in both the yield strength and the ultimate ten-
sile strength can be achieved by the combined addition of mutually soluble Al,
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Table 5.5: Results of room temperature tensile testing












1 Pure Mg 120 ± 9 169 ± 11 6.2 ± 0.7
2 Mg-5.6Ti 148 ± 10 226 ± 6 8.0 ± 1.5
3 Mg-5.6Ti-3Al 167 ± 5 236 ± 5 4.8 ± 0.5















155 ± 1 207 ± 9 1.4 ± 0.1
10 Mg-2.5Al2O3
(DMD) [108]
209 ± 1 242 ± 3 3.5 ± 0.3
and insoluble Ti. Amongst all, Mg-(5.6Ti+3Al)BM shows the highest strength
values. When compared to pure Mg, while an improvement in ductility is ob-
served in Mg-5.6Ti, the increment in strength is accompanied by a reduction
in ductility when incorporated with the combination of metallic elements, i.e.
in Mg-5.6Ti-3Al and Mg-(5.6Ti+3Al)BM. Figure 5.5 shows the representative
engineering stress-strain curve of the Mg-based materials tested under tension.
Table 5.6 shows the room temperature compression test results of the devel-
oped Mg-based materials. Pure Mg has the lowest strength. When incorporated
with the combination of soluble and insoluble elements, the Mg-(5.6Ti+3Al)BM
shows the highest compressive yield and ultimate strengths. In comparison, the
Mg-5.6Ti-3Al, wherein Al and Ti are directly added, shows improved compres-
sive strength properties with respect to pure Mg and Mg-5.6Ti. However, all the
Synthesis and characterization of Titanium containing Magnessium materials 66
5.2.5 Mechanical properties
Figure 5.5: Engineering stress-strain curve of the Mg-based materials under
tensile loading.
composites exhibit reduced compressive failure strain values when compared to
pure Mg. Figure 5.6 shows the representative engineering stress-strain curve of
the materials tested under compression.
Literature study reveals that the addition of alloying elements and reinforce-
ments to pure Mg has successfully improved the strength properties [3, 137].
However the strengthening effect depends on the properties of alloying elements
/ reinforcements such as (i) morphology and distribution, (ii) high hardness and
strength properties (iii) ability for grain nucleation (iv) obstruction to disloca-
tion movements, and (v) effective load transfer from the matrix [48, 138]. In the
current investigation, the results from room temperature tensile and compres-
sion tests indicate a significant improvement in the strength properties of Mg
incorporated with metallic elements.
Based on the tensile and compression test results (Tables 5.5 and 5.6), it has
been observed that when a combination of soluble Al and insoluble Ti is in-
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Table 5.6: Results of room temperature compression testing













1 Pure Mg 65 ± 4 248 ± 8 19.2 ± 1.1
2 Mg-5.6Ti 77 ± 3 347 ± 5 13.5 ± 0.8
3 Mg-5.6Ti-3Al 104 ± 1 378 ± 13 12.6 ± 2.3
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Figure 5.6: Engineering stress-strain curve of the Mg-based materials under
compressive loading.
corporated into pure Mg after pre-processing, the resulting Mg-(5.6Ti+3Al)BM
composite shows enhanced strength properties, at the expense of ductility. When
compared to pure Mg, while ~ 50% increase in yield and ultimate strengths
under tension are evident, the yield strength has been doubled (~ 100 % in-
crease) with significant increase in ultimate strength under compression loads.
The strengthening in Mg-(5.6Ti+3Al)BM composite occur due to the following
reasons: (i) presence of hard Ti particulates [1], (ii) formation of hard Al3Ti
intermetallic phase [136] (iii) significant grain refinement and (iv) the increase
in the dislocation density due to the thermal residual stresses, owing to the mis-
match in the CTE between Mg and Al3Ti [115, 135]. These together contribute
towards the increase in the strength properties [48, 138].
Although intermetallic phases such as Al3Ti tend to reduce the ductility, it is
considered to be advantageous over conventional ceramic reinforcements [128],
as it has been reported that their lower CTE values (when compared to the CTE
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of ceramics) would effectively reduce the residual stresses at the fibre/matrix
interface and thereby provide better ductility (i.e. ductility loss will be relatively
less when compared to ceramic reinforcements) [128, 139]. This is evident from
Tables 5.5 and 5.6, wherein a comparison made with Mg-composites containing
ceramic reinforcements show drastic reduction in ductility. Further, the ductility
values of both Mg-5.6Ti-3Al and Mg-(5.6Ti+3Al)BM composites are similar, in
spite of the presence of Al3Ti intermetallic phase in Mg-(5.6Ti+3Al)BM. This is
primarily due to the change in the morphology of the particulates.
It has been reported that for composites containing angular or sharp-edged
particles, the stress concentration would occur at the pointed corner of the parti-
cle, and that the presence of such particles in the composite reduced the ductility
of the composite [140]. Eliminating such particle corners is reported to render
uniform stress distribution and improved the ductility without decreasing the
strengthening effect [140]. Hence, in spite of the presence of brittle Al3Ti inter-
metallic phase in Mg-(5.6Ti+3Al)BM, the presence of particulates with rounded
edges in Mg-(5.6Ti+3Al)BM composite would lead to reduced stress concentra-
tion and uniform stress distribution, thereby exhibiting better ductility
5.2.6 Fractography
Figure 5.7 shows the tensile fracture surfaces of all the test materials. In the
case of pure Mg (Figure 5.7a), fracture occurs by cleavage mode interspersed
with ductile features. In Mg-5.6Ti, although the fracture showed ductile fea-
tures (Figure 5.7b), particle debonding is also observed (Figure 5.7c). In Mg-
5.6Ti-3Al and Mg-(5.6Ti+3Al)BM mixed mode fracture occurred with domi-
nant brittle features (Figure 5.7d & e). While particle debonding can be ob-
served in Mg-5.6Ti and Mg-5.6Ti-3Al composites (Figure 5.7c & d), crack-
ing at the matrix/particle interface indicating good interface bonding is seen in
Mg-(5.6Ti+3Al)BM (arrow in Figure 5.7e). Further, the reinforcement-matrix
interface contains microvoids that coalesce to form cracks that extend into the
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Figure 5.7: Fractography of Mg-based materials after tensile loading (a) domi-
nant cleavage fracture in pure Mg, (b) ductile features in Mg-5.6Ti , (c) particle
debonding in Mg-5.6Ti , (d) mixed mode fracture and particle debonding in Mg-
5.6Ti-3Al and (e) micro-void coalescence and crack formation at the vicinity of
the particle/matrix interface in Mg-(5.6Ti+3Al)BM.
matrix. Chawla and Chawla [51] reported that in discontinuously reinforced
metal matrix composites with strong interface, the matrix is significantly work
hardened due to the presence of the hard reinforcements. As a result, the ma-
trix would be placed under a very large degree of constraint with an inability
for strain relaxation to take place by deformation. This eventually results in the
onset of void nucleation and propagation at the particle/matrix interface, as is
evident from the microvoids and cracks seen in the present case. In contrast, in
the Mg-5.6Ti-3Al composite, particle debonding is dominant (Figure 5.7e).
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Figure 5.8: Fractographs of developed Mg-based materials under compression
showing dominant shear failure.
Figure 5.8(a-d) show the fracture surfaces of all the test materials after com-
pressive loading. In all the test samples, fracture occurred at ~ 45º angle with
respect to the compression test axis. The fractographic evidences indicate that
pure Mg exhibit dominant shear failure and shows more shear bands when com-
pared to other Mg-based materials, which on the other hand exhibit rough frac-
ture surfaces with mixed mode of shear and brittle features. Under compression,
both composites show failure by shear fracture, but the surfaces appear very
rough when compared to other Mg-materials (Figure 5.8(c & d)).
5.3 Conclusions
Pure Mg was incorporated with Ti and Al by (i) direct addition and (ii) after
pre-processing by ball milling and the following are the conclusions that could
be drawn from the present study:
1. The effects of combined addition of Ti and Al to pure Mg primarily de-
pend on their method of addition.
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2. While the pre-processing of Al and Ti by ball-milling initiated solid state
reaction resulting in Ti+Al3Ti intermetallic phase, the direct addition of
elements to Mg resulted in Ti+Mg17Al12 phase formation. Hence the Mg-
(5.6Ti+3Al)BM composite was composed of Mg+(Ti+Al3Ti) while that of
Mg-5.6Ti-3Al was made of Mg+(Ti+Mg17Al12).
3. The Mg-(5.6Ti+3Al)BM composite showed significant grain refinement,
lower CTE and substantial improvement in hardness, tensile & compres-
sive strengths, with a loss in ductility. These can be attributed to the in-
herent properties of Al3Ti intermetallic phase and the change in morphol-
ogy of the particels. In comparison, the Mg-5.6Ti-3Al composite showed
lower strength properties.
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Chapter 6
Development of new Mg-Ti-Al2O3
hybrid nanocomposites
6.1 Introduction
In this study, new Mg composites containing hybrid reinforcements (5.6 wt. %
titanium (Ti) particulates and 2.5 wt. % nanoscale alumina (Al2O3) particles)
are synthesized using the disintegrated melt deposition technique followed by
hot extrusion. The hybrid reinforcement addition into the Mg matrix is carried
out in two ways: (i) by direct addition into the Mg-matrix, Mg-5.6Ti-2.5Al2O3
and (ii) by pre-synthesizing the composite reinforcement by ball milling and its
subsequent addition into the Mg-matrix, Mg-(5.6Ti+2.5Al2O3)BM. The proper-
ties of developed hybrid composites are compared to that of monolithic Mg and
Mg-5.6Ti composite.
6.2 Results and discussion
6.2.1 Macrostructure
The monolithic and reinforced Mg composites were successfully synthesized by
the DMD process followed by hot extrusion. No macrostructural defects such
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6.2.2 Density Measurements
Table 6.1: Density, Porosity and Microstructural properties of Mg and Mg-
composites
S. No. Materials















1 Pure Mg 1.7400 1.7129 ± 0.0015 0.0156 21 ± 3 1.63 ± 0.44
2 Mg-5.6Ti 1.8019 1.7092 ± 0.0128 0.0515 15 ± 4 1.58 ± 0.40
3 Mg-5.6Ti-2.5Al2O3 1.8481 1.6755 ± 0.0255 0.0933 13 ± 2 1.68 ± 0.51
4 Mg-(5.6Ti+2.5Al2O3)BM 1.8481 1.7826 ± 0.0173 0.0354 8 ± 1 1.71 ± 0.63
as cracks, pores, blow holes etc. been observed on the surface of cast ingot
and extruded rods. The characterization results clearly indicate the feasibility of
the DMD process as a potential fabrication technique for hybrid Mg composites
containing Ti and Al2O3 particulates [98].
6.2.2 Density Measurements
The results of density measurements conducted on the extruded unreinforced
monolithic magnesium and reinforced Mg-composites are shown in Table 6.1.
The volumetric porosity was calculated from the theoretical and experimental
density values. The porosity level in all the reinforced composites is found to be
marginally higher than that of monolithic Mg. This slight increase in the volume
percentage of porosity in composites can be attributed to the formation of metal
free zones at the corners of relatively larger sized Ti particulates as a result of
the inability of high viscosity particulate-molten alloy slurry to negotiate the
particle corners [97]. The porosity level of Mg-(5.6Ti+2.5Al2O3)BM composite
is found to be less when compared to Mg-5.6Ti-2.5Al2O3 composite.
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6.2.3 X-ray diffraction studies
Figure 6.1: XRD diffraction pattern of ball milled powder, monolithic Mg and
its composites.
6.2.3 X-ray diffraction studies
The results of XRD studies conducted on the composite samples and the ball
milled powder is shown in Figure 6.1. In the ball-milled powder, Ti and Al2O3
peaks are observed. While in Mg-5.6Ti, only peaks corresponding to Mg and
Ti are observed indicating the absence any intermetallic phases between Mg
and Ti due to the negligible solubility [99], few additional peaks correspond-
ing to Al2O3 are observed in the hybrid composites. However, they were not
prominent. Further, in both the ball-milled powder and the composites, no in-
terfacial reaction products arising due to the interaction between Ti-Al2O3 and
Mg-Al2O3 are observed. This could possibly be due to the very low volume
fraction of the phases (< 2 % Vf , if formed), which would remain undetected by
the technique of XRD [141].
Synthesis and characterization of Titanium containing Magnessium materials 77
6.2.4 Microstructure
Figure 6.2: Representative optical micrographs showing the grain morphology
in (a) Mg-5.6Ti-2.5Al2O3 and (b) Mg-(5.6Ti+2.5Al2O3)BM composites.
6.2.4 Microstructure
The grain characteristics of monolithic Mg and the particle reinforced compos-
ites are listed in Table 6.1. The average grain size of the developed Mg- compos-
ites is smaller than that of the monolithic Mg and the Mg-(5.6Ti+2.5Al2O3)BM
composite exhibited the lowest grain size. Figure 6.2 (a & b) shows the op-
tical micrographs of the hybrid composites, Mg-5.6Ti-Al2O3 and Mg-(5.6Ti
+2.5Al2O3)BM.
Further, the microstructural characteristics of the hybrid composites are stud-
ied in terms of the distribution and morphology of reinforcement particles as
shown in Figure 6.3. The microstructures as seen in Figure 6.3(a) and Fig-
ure 6.3(b) reveal relatively uniform distribution of reinforcements in the Mg-
(5.6Ti+2.5Al2O3)BM composite when compared to Mg-5.6Ti-2.5Al2O3 com-
posite. The Ti particulates are found clustered in the Mg-5.6Ti-2.5Al2O3 com-
posite and the Al2O3 particles are found distributed in the matrix Figure 6.3(c).
In the Mg-(5.6Ti+2.5Al2O3)BM composite shown in Figure 6.3(d), the nano-
Al2O3 particles are found adhered to the micron sized Ti particulates. Further,
the uneven particle size of the as-received Ti particulate is also evident from
the microstructure and image analysis results, whereas in the ball milled (5.6Ti-
2.5Al2O3)BM powder, relatively uniform-sized particle are seen, as shown in
Figure 6.3(e-h).
The microstructure results also revealed that the as-received Ti particles con-
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Figure 6.3: Representative SEM micrographs showing distribution of (a)
uneven sized Ti clusters in Mg-5.6Ti-2.5Al2O3 and (b) relatively uni-
form sized Ti in Mg-(5.6Ti+2.5Al2O3)BM, nano-Al2O3 (c) present in Mg-
matrix in Mg-5.6Ti-2.5Al2O3 composite, (b) embedded in Ti particulates in
Mg-(5.6Ti+2.5Al2O3)BM composite, (e) as received Ti and (f) ball milled
(5.6Ti+2.5Al2O3)BM powder. Graphs showing the distribution of (g) no. of
particles vs. particle size and (h) particles aspect ratio vs. particle size.
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sists of more number of sharp edged particles whereas the ball milled (5.6Ti-
2.5Al2O3)BM powder contains Ti particles with blunted corners and rounded
edges. Considering the reinforcement morphology, the presence of Ti partic-
ulate clusters found in the Mg-5.6Ti-2.5Al2O3 composite (Figure 6.3a) and a
relatively uniform distribution of Ti particulates in the Mg-(5.6Ti+2.5Al2O3)BM
composite (Figure 6.3b) can be attributed to the difference in processing of rein-
forcement particulates. The as-received Ti particles used directly in Mg-5.6Ti-
2.5Al2O3 composite are characterized by the presence of sharp edges. Further,
due to the direct addition, the Al2O3 particles in the Mg-5.6Ti-2.5Al2O3 com-
posite get distributed in the Mg-matrix as seen in Figure 6.3c. In comparison,
the ball milled powder have blunted corners as seen in Figure 6.3e & f. This
is due to the step of ball milling which led to the blunting of the sharp corners
of Ti particles. It may be noted that the ball milling process involves repeated
flattening, cold-welding and fracture of particulates [87]. In the process, the
Al2O3 particles also get embedded into the Ti particulates as seen in Figure
6.3d [87, 127]. From Figure 6.3g, it is observed that the particle sizes in the
as-received powder used in the Mg-5.6Ti-2.5Al2O3composite varies between
10 to 100 µm, with more number of particles in the range of 20 to 50 µm. On
the other hand, the ball-milled powders had very few Ti particles in the range
> 70 µm. Also, the number of particles in the range < 30 µm increased. The
breaking down of bigger size Ti particles to smaller particles during ball milling
contributed to the increase in number of smaller size Ti particulates, that eventu-
ally reduced the aspect ratio of ball milled (5.6Ti+2.5Al2O3)BM powder as seen
in Figure 6.3h.
The significant grain refinement obtained in the composites as shown in Ta-
ble 6.1 can be attributed to the presence of reinforcements and their ability to
nucleate Mg-grains during recrystallization [98, 142]. However, among the
composites, the Mg-(5.6Ti+2.5Al2O3)BM composite showed the lowest grain
size. From Figure 6.3, it is observed that the Mg -(5.6Ti+2.5Al2O3)BM com-
Synthesis and characterization of Titanium containing Magnessium materials 80
6.2.5 Coefficient of Thermal Expansion
Table 6.2: CTE and Microhardness values of Mg and Mg-composites




1 Pure Mg 28.52 48 ± 3
2 Mg-5.6Ti 27.22 71 ± 2
3 Mg-5.6Ti-2.5Al2O3 23.73 74 ± 2
4 Mg-(5.6Ti+2.5Al2O3)BM 23.53 69 ± 1
posite shows smaller sized reinforcement particles. As smaller particles pro-
vide more active sites for Mg-grain nucleation [108], the grain size of the Mg-
(5.6Ti+2.5Al2O3)BM is lower than that of Mg -5.6Ti-2.5Al2O3 composite. The
interface between Mg matrix and Ti reinforcement is free of interfacial products,
as seen in Figure 6.3d. It can be attributed to the absence of detectable interfacial
product formed between Mg-Al2O3 and Ti-Al2O3 (XRD phase analyses, Figure
6.1) [20].
6.2.5 Coefficient of Thermal Expansion
The experimental thermal expansion coefficients values of monolithic Mg and
composites are shown in Table 6.2. The results show improvement in dimen-
sional stability (i.e. reduction in CTE values) when compared to the monolithic
Mg (Table 6.2) due to difference in thermal expansion coefficients (CTE) of ma-
trix and reinforcements. The CTE values of Mg, Ti and Al2O3 are 27.1 µ/°C,
9.1 µ/°C and 7.4µ/°C respectively. The low thermal expansion coefficients of
reinforcements have reduced the thermal expansion coefficient of the compos-
ites [20, 98, 105, 115, 119]. Amongst the composites, the hybrid reinforcement
addition is observed to show significant changes compared to the individual
addition of Ti particulates. Further, the experimental CTE values of both the
hybrid composite samples are determined to be in the same range which indi-
cates that the thermal expansion coefficient is independent of the shape, size and
distribution of the reinforcements [143].
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Table 6.3: Tensile properties of pure magnesium and its composites












1 Pure Mg 120 ± 9 169 ± 11 6.2 ± 0.7
2 Mg-5.6Ti 148 ± 10 226 ± 6 8.0 ± 1.5
3 Mg-5.6Ti-2.5Al2O3 174 ± 9 227 ± 10 3.0 ± 0.2
4 Mg-(5.6Ti+2.5Al2O3)BM 168 ± 8 216 ± 11 6.8 ± 0.8
6.2.6 Mechanical properties
The results of the microhardness measurements (Table 6.2) show a significant
increase in hardness value in the composites, when compared to the monolithic
Mg. Amongst the hybrid composites, the Mg-5.6Ti-2.5Al2O3 composite shows
relatively higher mean hardness values than the Mg-(5.6Ti+2.5Al2O3)BM com-
posite.
The results of tensile test listed Table 6.3 reveal a significant improvement
in yield strength (0.2 % YS) of > 30 % and > 25 % improvement in ultimate
tensile strength (UTS) in the hybrid composite samples when compared to the
monolithic Mg. Similarly, a marginal improvement in 0.2 % YS was obtained
when compared to Mg-5.6Ti. However, the increase in strength in Mg-5.6Ti-
2.5Al2O3 composite is accompanied by a reduction in ductility. Interestingly,
the failure strain of the Mg-(5.6Ti+2.5Al2O3)BM composite was in the similar
range as that of pure Mg and Mg-5.6Ti, and the mean fracture strain values are
even slightly higher than that of pure Mg. Hence, the hybrid composites contain-
ing ball-milled hybrid reinforcements exhibit better overall performance under
tensile loading. The engineering stress-strain curves of Mg-5.6Ti-2.5Al2O3 and
Mg-(5.6Ti+2.5Al2O3)BM composites under tensile loading are shown in Figure
6.4.
The compression test results shown in Table 6.4 indicate an increase of >
20% in the compressive yield strength (0.2 % CYS) and > 45% in ultimate com-
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Figure 6.4: Tensile stress-strain curves of monolithic Mg and its composites.
pressive strength (UCS) for the hybrid composites when compared to monolithic
Mg. While the 0.2% compressive yield strength of both the hybrid composite
significantly improves, the UCS value is found to improve only in the case of di-
rect addition. Thus, the hybrid composite incorporated with the direct additions
of reinforcements show better overall compressive strength properties than the
hybrid composite reinforced with ball milled reinforcements. Figure 6.5 shows
the flow curves of Mg-5.6Ti-2.5Al2O3 and Mg-(5.6Ti+2.5Al2O3)BM composites
under compressive loading.
It is well known that the strength properties of metal matrix composite are
improved by (i) the inherent properties of the reinforcements such as its high
hardness and strength, (ii) grain refinement due to the presence of reinforce-
ments, (iii) obstruction to dislocation movements offered by the reinforcements,
and (iv) effective load transfer from the matrix to the reinforcements [138].
Based on earlier works, the micron-sized reinforcements improved the strength
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Table 6.4: Compressive properties of pure magnesium and its composites











1 Pure Mg 65 ± 4 248 ± 8 19.2 ± 1.1
2 Mg-5.6Ti 77 ± 3 347 ± 5 13.5 ± 0.8
3 Mg-5.6Ti-2.5Al2O3 106 ± 0 424 ± 15 14.4 ± 1.2
4 Mg-(5.6Ti+2.5Al2O3)BM 106 ± 3 349 ± 3 16.2 ± 1.7
Figure 6.5: Compressive stress-strain curves of monolithic Mg and its compos-
ites.
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properties at the expense of ductility [98, 108, 140], whereas studies on Mg
reinforced with nano scale alumina particles indicated that the nanoscale parti-
cles improved the ductility [108]. This was attributed to the combined effects
of grain refinement, uniform distribution of nanosized particulates without ag-
glomeration and slip on extra non-basal slip system [108].
From Table 6.2, the increase in hardness values in the composites can be
attributed to the presence of relatively harder reinforcements[20, 98, 144]. The
composites show ~ 40 % increase in hardness when compared to the unrein-
forced monolithic Mg. Among the composites, the Mg-5.6Ti-2.5Al2O3 show
higher mean hardness values when compared to the Mg-(5.6Ti+2.5Al2O3)BM
composite, which could be due to the presence of harder Al2O3 particles in
the Mg-matrix and higher aspect ratio of Ti particles (Figure 6.3). Further, in
the present study, mechanical properties characterization indicate that the Mg-
5.6Ti-2.5Al2O3 composite exhibit improved strength properties, but with a dras-
tic reduction in tensile ductility (Table 6.3). In the Mg-(5.6Ti+2.5Al2O3)BM
composite, though the strength is slightly lower, there is no loss of ductility
and it exhibit increased work of fracture. In both these composites, the volume
fraction of reinforcements is kept constant and only the method of hybrid rein-
forcement preparation is varied. Hence, the observed differences in the mechan-
ical behaviour of the two composites indicate that the method of reinforcement
preparation also plays an important role in defining their behaviour.
These observations clearly indicate that in addition to the above-mentioned
strengthening mechanisms, the strength properties of MMCs would also be in-
fluenced by factors such as: (a) thermal residual stress between the matrix
and the reinforcement [116], which in turn depend on (b) reinforcement mor-
phology [115, 140, 145], and (c) reinforcement distribution [114, 129, 146].
Therefore, a change in the processing method, such as the one employed in
Mg-(5.6Ti+2.5Al2O3)BM would bring forth changes in the properties of the re-
inforcements, which would significantly alter the behaviour of the composite.
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(a) Effect of Thermal Residual Stresses
In metal matrix composites, the differences in thermal expansion coefficients of
the matrix and the reinforcements would result in the introduction of thermal
residual stress in the composite [116]. The presence of thermal residual stresses
would increase the dislocation density at the particle/matrix interface and hence
would contribute to the improvement in the yield strength of the composites. In
the present study, the mechanical properties (Table 6.3 and Table 6.4) show that
when compared to monolithic magnesium, the yield strength of the composites
has improved significantly, which, as explained above, can be attributed to the
increased dislocation density due to reinforcement addition.
Further, Qin and co-workers [140] reported the effect of shape of the re-
inforcement particles on the residual stresses. It was reported that for near-
spherical particles, the residual stress distribution was uniform, while for an-
gular and pointed particles, the stress concentration was higher at the pointed
corners [140]. This significantly affected the ductility of the composites. The
effect of particle morphology and distribution are discussed in the following
sections.
(b) Effect of Particle Morphology
The influence of particle shape and size on the mechanical properties of particle
reinforced composites has been reported by various researchers [108, 115, 140,
145]. It was shown that for sharp edged particles, the stress concentration would
occur at the pointed corner of the particle and would increase with the increase
in the amount of such sharp edged particles. The presence of such particles
in the composite reduced the ductility of the composite [140], and eliminating
such particle corners improved the ductility without decreasing the strengthen-
ing effect [140]. Further, composites reinforced with smaller size particulate
reinforcements exhibited better strength properties than those composites with
particles of larger size [108]. Based on the work by Li and Ramesh [115], the as-
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pect ratio of the reinforcement particulates also affected the strength properties
of the composites. It was observed that the composites reinforced with higher
aspect ratio particulates exhibited improved strength when compared with the
composites reinforced with lower aspect ratio particles [115].
From the experimental results obtained in the current investigation (Table
6.3 and Table 6.4), it can be inferred that due to the presence of many sharp
edged particulates in the as-received Ti powder (Figure 6.2e), the stress concen-
tration is expected to be more at the particle corners in the Mg-5.6Ti-2.5Al2O3
composite than the Mg-(5.6Ti+2.5Al2O3)BM composite. In addition, the aspect
ratio of the as-received Ti particulates (~ 2.1) is found to be relatively higher
than the aspect ratio of (5.6Ti+2.5Al2O3)BM powder (~ 1.6). This is due to the
presence of uneven size particulates in the as-received condition Figure 6.2(e-
h). Thus, the increased stress concentration due to sharp edged particles and
the presence of higher aspect ratio particulates resulted in the improvement in
strength of Mg-5.6Ti-2.5Al2O3 composite, while also reducing its ductility. On
the other hand, in the Mg-(5.6Ti+2.5Al2O3)BM composite, ball-milling process
ensured relatively larger number of small-sized particles, with smooth/blunt cor-
ners and low aspect ratio. The presence of such particles in the Mg-matrix,
contributed to the enhanced ductility of the Mg-(5.6Ti+2.5Al2O3)BM composite,
without decreasing the strengthening effect.
(c) Effect of Particle Distribution
The dependence of mechanical behaviour on the particle distribution has been
studied earlier and the available literature clearly shows that the homogeneous
distribution of reinforcements in the matrix improves the strength and ductility
of the composites [114, 129, 146]. As the presence of large and sharp partic-
ulates would result in particle clustering [129, 146], it was reported that such
clustering of the reinforcement particles in turn affects the ductility of the com-
posites by enhancing the formation of cracks and their propagation [114].
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In the current work, it is observed that the Mg-5.6Ti-2.5Al2O3 composite
show sharp Ti-particulates that are clustered together. Though the Al2O3 par-
ticles are distributed uniformly (relatively) in the matrix, under tensile loading,
the presence of sharp and clustered Ti particulates in the Mg-5.6Ti-2.5Al2O3
composite have resulted in a drastic reduction in ductility (reduced by ~ 50
%). In comparison, the Mg-(5.6Ti+2.5Al2O3)BM composite which has blunted,
relatively uniformly distributed Ti particulates embedded with Al2O3 showed
marginally higher ductility and enhanced work of fracture.
Under compressive loading, the Mg-5.6Ti-2.5Al2O3 composite show higher
UCS value than the Mg-(5.6Ti+2.5Al2O3)BM composite. It should be noted that
unlike ball-milled reinforcements wherein the Al2O3 are found embedded on
the Ti particles, in the case of direct addition of reinforcements, both the hard
reinforcements (Ti and Al2O3) are found spatially distributed throughout the
matrix. This would give rise to higher load bearing capacity and hence an overall
increase in the UCS in the Mg-5.6Ti-2.5Al2O3 composite.
6.2.7 Fracture Behaviour
The tensile fracture surfaces of developed hybrid composites are shown in Fig-
ure 6.6(a-d). The fracture surface characterization conducted on the tensile frac-
ture samples of monolithic Mg indicated cleavage fracture, which is due to the
limited slip systems in the hexagonal closed packed (HCP) crystal structure of
Mg [147]. While the tensile fracture analysis of Mg-5.6Ti-2.5Al2O3 reveal evi-
dences of Ti particle debonding Figure 6.6(b-d) similar to that observed in case
of individual addition of Ti particulates, Mg-5.6Ti composite (Figure 6.6b),
the Mg-(5.6Ti+2.5Al2O3)BM composite exhibit mixed mode fracture with ev-
idences of plastic deformation Figure 6.6(e-f). These observations also sup-
port the experimental ductility values. The debonding of Ti particle in Mg-
5.6Ti and Mg-5.6Ti-2.5Al2O3 composites is attributed to the agglomeration and
clustering of sharp edged Ti particulates, which de-bond once the maximum
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Figure 6.6: Representative tensile fracture surfaces showing (a) particle debond-
ing and (b) brittle features in Mg-5.6Ti-2.5Al2O3 and mixed mode fracture with
good particle-matrix interface (arrow) (c) and plastic deformation (d) in Mg-
(5.6Ti+2.5Al2O3)BM composite.
stress is reached in the magnesium matrix due to the lack of chemical bond-
ing [98, 148]. The evidence of dominant plastic deformation observed in Mg-
(5.6Ti+2.5Al2O3)BM composite (Figure 6.6f) corresponds to the uniform distri-
bution of the reinforcements and the minimal interfacial residual stress (more-
rounded particle reinforcements) at the matrix-reinforcement interface (arrow in
Figure 6.6e) [20, 98, 148].
Under compressive loading, in the test samples of both the hybrid compos-
ites, fracture occurred at ~ 45° angle with respect to the compression test axis
and the compression fracture surfaces reveal formation of shear bands which
indicates twinning, which is the most frequently observed deformation mecha-
nism in Mg-alloys and composites Figure 6.7(a-b).
Synthesis and characterization of Titanium containing Magnessium materials 89
6.3. CONCLUSIONS
Figure 6.7: Representative compressive fracture surfaces showing shear bands
in (a) Mg-5.6Ti-2.5Al2O3 and (b) Mg-(5.6Ti+2.5Al2O3)BM composites.
6.3 Conclusions
DMD technique can successfully synthesize magnesium composites containing
hybrid reinforcements (5.6Ti+2.5Al2O3)BM and the following conclusions can
be drawn from the present investigation:
1. Properties characterization indicated the positive influence of hybrid rein-
forcement preprocessing on the microstructural and mechanical response
of Mg-composite.
2. The addition of hybrid reinforcements reduced the grain size and CTE and
increased the hardness when compared to monolithic Mg and Mg-5.6Ti.
3. Hybrid composites prepared by direct addition of the reinforcements, Mg-
5.6Ti-2.5Al2O3, exhibit enhanced strength and reduced ductility under
both tensile and compressive loading. This can be attributed to the clus-
tered and angular shaped Ti-particles present in the matrix.
4. Hybrid composites prepared after ball-milling of the reinforcements, Mg-
(5.6Ti+2.5Al2O3)BM, exhibit improved strength and relatively minimal
variation in ductility under both tensile and compressive loading and when
compared to pure magnesium. This can be attributed to the relatively uni-
form distribution of blunted (5.6Ti+2.5Al2O3)BM composite particulates.
5. Among the composites, a relatively higher combination of tensile and
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compressive strengths were realized when the reinforcement particulates
were directly added and a relatively superior ductility was realized when
the reinforcement particulates (5.6Ti+2.5Al2O3)BM were ball milled.
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In the present work, micron-sized Ti particulates are hybridized with varying
weight fractions of nano-sized B4C particulates, and the hybrid (5.6 wt. % Ti
+ x wt. % nano-B4C) particle mixture is used as reinforcements in pure Mg.
Nanoscale B4C particles are selected for this study due to the fact that, unlike
oxide reinforcements, studies on individual / hybrid nanoscale carbide reinforce-
ment addition to Mg is relatively meagre in the open literature. The microtex-
ture evolution of as-extruded Mg-composites containing ball milled (5.6Ti+x-
B4C)BM particle mixture have been studied in detail in comparison to Mg-5.6Ti
using electron back scattered diffraction analysis. The results of mechanical
properties characterization are correlated with the microstructural observations
to understand the mechanical behaviour of developed Mg materials.
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1 Pure Mg 1.7400 1.7129 ± 0.0015 0.0156
2 Mg-5.6Ti 1.8019 1.7092 ± 0.0128 0.0515
3 Mg-(5.6Ti+0.5B4C)BM 1.8047 1.7561 ± 0.0015 0.0269
4 Mg-(5.6Ti+1.5B4C)BM 1.8104 1.7818 ± 0.0010 0.0158
5 Mg-(5.6Ti+2.5B4C)BM 1.8165 1.7832 ± 0.0004 0.0183
7.2 Results and discussion
7.2.1 Synthesis
Synthesis of Mg-based materials required for the study was successfully carried
out by the disintegrated melt deposition (DMD) technique followed by hot ex-
trusion. The surface of both the as-cast billets and extruded rods were smooth
and free from any visible defects. The absence of any macro-defects in the as-
cast and extruded samples indicates the suitability of processing methodology
and parameters used in this study [98, 149].
7.2.2 Density and porosity measurements
The density and porosity values of the developed Mg-materials are shown in
Table 7.1. An increase in the experimental density and porosity values were
observed due to the addition of Ti and nano-B4C particulates. However, the
obtained experimental values are relatively low in comparison to similar works
and this confirms the successful synthesis of near-dense materials with minimal
porosity through DMD technique followed by hot extrusion [20, 53, 98].
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7.2.3 X-ray diffraction studies
The results of x-ray characterization studies conducted on the ball milled pow-
der and bulk Mg-materials are shown in Figure 7.1. The x-ray diffractogram
of ball milled (5.6Ti+x-B4C)BM powder (Figure 7.1a) shows prominent peaks
corresponding to Ti and B4C. However, after the incorporation of ball milled
powder into the Mg-matrix, the crystalline peaks corresponding to Ti and B4C
are not prominently observed in the developed Mg-(5.6Ti+x-B4C)BM bulk ma-
terial (Figure 7.1b). This could either be attributed to the absence or relatively
low volume fraction of intermetallic phases in the Mg matrix [141].
7.2.4 Microstructure
7.2.4.1 Distribution of reinforcements/second phases
The results of microstructural characterization studies conducted on the powder
reinforcements and the bulk Mg samples are shown in Figures 7.2 & 7.3. The
microstructure of as-received Ti and ball milled (Ti+B4C)BM powder particu-
lates are shown in Figure 7.2(a-c). It shows that the large sized (as-received)
Ti particulates were flattened; their sharp edges were rounded off and broken
down during the ball milling process. This can be attributed to the repeated
loading, flattening and breakdown of powder particulates during ball milling
process [87]. From Figure 7.2c, the nano-B4C particles are seen adhered to the
Ti-particles. The distribution of Ti particles in Mg-5.6Ti is shown in Figure 7.3a
which indicates fairly uniform distribution of Ti particles with less agglomera-
tion in Mg matrix. Figure 7.3b shows a representative micrograph of the Mg-
(5.6Ti+x-B4C)BM composite with 0.5 wt.% nano-B4C addition, in which the
Ti-particles are seen to be of varying size and shape. The interface between the
(Ti+B4C)BM particle and the Mg-matrix is shown in the representative image
(Figure 7.3c, Mg-(5.6Ti+2.5B4C)BM composite), which indicates a good inter-
facial bonding between (Ti+B4C)BM particle and the Mg-matrix.
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Figure 7.1: X-ray diffractograms of (a) ball milled powder and (b) bulk Mg-
materials.
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Figure 7.2: SEM micrographs showing (a) as-received Ti particulates with sharp
edges, (b) flattened (5.6Ti+1.5B4C)BM particulates with blunted edges after ball
milling and (c) nano-B4C particulates adhered to micron-sized Ti.
Figure 7.3: SEM micrographs showing the distribution of (a) Ti particles in
Mg-5.6Ti, (b) Ti-particles of varying size and shape in Mg-(5.6Ti+0.5B4C)BM
composite, good interfacial bonding between (Ti+B4C)BM particles and the Mg-
matrix in Mg-(5.6Ti+2.5B4C)BM composite.
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Further, the interfacial characteristics of Mg-(5.6Ti+2.5B4C)BM compos-
ite studied using electron probe microscopic analysis is shown in Figure 7.4.
The results of EPMA show increased concentration of B and C around the Ti
particles which indicates the combined presence of Ti(B,C) phases on the Ti
particle and at the Mg/Ti interface. This not only improves the reinforcement-
matrix interfacial bonding but would also efficiently contribute towards interface
strengthening [48, 149].
The chemical reaction between Ti and B4C was earlier reported by various
researchers based on the following favourable chemical reactions as the standard
Gibbs free energy for these reactions is negative [149–152].
3 Ti + B4C→2 TiB2 + TiC
5 Ti + B4C→4 TiB + TiC
Further, it was also reported that when (Ti+B4C) particles (containing TiB2
and TiC) were incorporated into AZ91 matrix, the phases remained unchanged
and non-reactive with Mg (i.e they did not form any new additional products
with Mg) [150]. In the present case too, no additional Mg-based interfacial
products were observed in the composites (Figure 7.4). However, the absence
of TiB2 and TiC peaks in the ball-milled powder (Figure 7.1, XRD) may be
due to the low volume fraction of these phases. In contrast, in Mg-5.6Ti, there
is no chemical bonding at the interface due to the negligible solubility of Ti
in Mg [34] and the interfacial bonding present in Mg-5.6Ti is only due to the
wettability between Mg and Ti (physical bonding) [104].
7.2.4.2 Grain characteristics
The results of EBSD measurements exhibiting the evolution of grain structure in
Mg materials are shown in Figure 7.5. The average grain size of developed Mg-
materials based on the results of EBSD measurements (Figure 7.5) are listed
in Table 7.2. It can be seen from Figure 7.5 that the microstructures of ex-
truded Mg-materials are characterised by unimodal grain size distribution, i.e.
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Table 7.2: Results of grain size measurements
S. No. Materials Grain size
(µm)
1 Pure Mg 21 ± 3
2 Mg-5.6Ti 15 ± 4
3 Mg-(5.6Ti+0.5B4C)BM 17 ± 9
4 Mg-(5.6Ti+1.5B4C)BM 9 ± 6
5 Mg-(5.6Ti+2.5B4C)BM 6 ± 4
one maxima for the grain size distribution. Further, the microstructural charac-
teristics such as misorientation distribution, grain boundary character distribu-
tion and grain orientation spread of developed Mg-(5.6Ti+x-B4C)BM compos-
ites are studied in detail vis-a-vis Mg-5.6Ti to identify the influence of hybridiz-
ing micro-Ti with nano-B4C on the microstructural evolution.
The distribution of misorientation angles which represents the change in ori-
entation of the specific crystal axis (reference) to the orientation of neighbour
crystal axis due to deformation are shown in Figure 7.6a, for all the developed
extruded Mg-materials [100]. A diffused population of (15 - 180)° high angle
grain boundaries (HAGBs) with small peak at ~ 30° and large peak at ~ 90° is
observed in Mg-5.6Ti. The small peak at ~ 30° attributes to either recrystalliza-
tion or {1011} - {1012} double twinning (38 ± 5° <1120>) and the large peak
at ~ 90° is due to {1012} tensile twin boundaries (86 ± 5° <1120>) [100, 153].
In Mg-(5.6Ti+x-B4C)BM composites, the intensity of the peak at 30° increases
with increasing content of nano-B4C, thus indicating enhanced recrystallization.
However, at 90°, the change in peak intensity does not vary with the nano-B4C
content. Considering that the peak at 90° represents tensile twin boundaries,
the higher intensity peak for the composite containing 0.5 % B4C indicates in-
creased formation of tensile twins. On the other hand, the relatively lower values
obtained in 1.5 and 2.5 B4C imply a lower tensile twin fraction. This could be
possibly due to the relatively fine grains observed in these compositions, as it is
known that the grain refinement retards twin formation and growth [125, 154].
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Figure 7.5: Results of EBSD measurements showing (a) grain size distribu-
tion in the developed Mg materials and (b) EBSD micrographs of (i) Mg-
5.6Ti, (ii) Mg-(5.6Ti+0.5B4C)BM, (iii) Mg-(5.6Ti+1.5B4C)BM and (iv) Mg-
(5.6Ti+2.5B4C)BM composites.
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From the data analysis, nearly 3 % fraction of tensile twins from the extrusion
process is observed to be present in Mg-5.6Ti while the tensile twins are not
significantly observed in the case of Mg-(5.6Ti+2.5B4C)BM.
The grain boundary character distribution (GBCD) profile of Mg-5.6Ti and
Mg-(5.6Ti+x-B4C)BM composites calculated in terms of the individual number
fraction of low angle grain boundaries (LAGBs) and high angle grain bound-
aries (HAGBs) are shown in Figure 7.6b. In Mg-5.6Ti, the number fraction of
HAGBs is found to be ~ 48 %. While in case of Mg-(5.6Ti+x-B4C)BM com-
posites, it is found to increase with the increase in nano-B4C content with max-
imum value (~ 68 %) observed in Mg-(5.6Ti+2.5B4C)BM composite. In gen-
eral, large HAGB (15 - 180)° fraction corresponds to recrystallized grains [100].
Hence, an increase in HAGB fraction (dominant recrystallized grains) observed
due to nano-B4C addition indicates the presence of relatively more recrystal-
lized grains (less deformed grains) in hybrid Mg-(5.6Ti+x-B4C)BM composite
in comparison to Mg-5.6Ti. This can further be verified from the Kernel Av-
erage Misorientation (KAM) criterion which indicates the distribution of local
misorientation within a grain due to the strain imparted in the material during
extrusion [155]. This involved the calculation of average orientation of each
pixel with respect to its first nearest neighbour (with a provision that excludes
the misorientation exceeding 5°) [155]. In the present case, it is clearly observed
that the KAM number fraction increases and its peak value shifts towards left
with the increase in B4C content (Figure 7.6c). This confirms the presence of
more recrystallized grains Mg-(5.6Ti+x-B4C)BM composite in comparison to
Mg-5.6Ti, thus corroborating with the GBCD distribution (Figure 7.6b).
In order to separate the dynamic recrystallized (DRX) grains and deformed
grains, the EBSD micrographs of Mg-5.6Ti and selected Mg-(5.6Ti+2.5B4C)BM
composite were partitioned based on the grain orientation spread (GOS) crite-
rion as shown in Figure 7.7a. This involved the separation of deformed grains
and recrystallized grains based on the average misorientation between all pix-
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Figure 7.6: Graphs showing the (a) Misorientation distribution, (b) Kernel av-
erage misorientation distribution and (c) Grain boundary character distribution
(GBCD) in the developed Mg materials.
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els in a grain [103, 155, 156]. In general, a high average GOS value corre-
spond to higher geometrically necessary dislocation (GND) content and more
deformation in the sample (deformed microstructure); while low GOS value
indicates lower dislocation content due to recrystallization (recrystallized mi-
crostructure). In the GOS map, the grains with orientation spread less than
the average orientation spread are shown in blue colour. It represents the re-
crystallized grains without stress concentration and lattice distortion. Similarly,
the deformed grains with orientation spread greater than the average orientation
spread of the total microstructure are shown in red colour indicating the area
of larger lattice distortion accompanied by the high dislocation density [155].
Thus, the combined presence of near equi-axed recrystallized grains and elon-
gated grains (deformed grains) can be seen in the (extrusion) microstructures
of developed Mg-materials after GOS partition (Figure 7.7a). For better un-
derstanding, the partitioned GOS maps and individual boundary fractions of
DRX and deformed grains (based on average GOS value) of Mg-5.6Ti and se-
lected Mg-(5.6Ti+2.5B4C)BM composite are shown separately in Figure 7.7b. It
indicates the presence of relatively more localized recrystallized grains in Mg-
(5.6Ti+2.5B4C)BM composite in comparison to Mg-5.6Ti. The validity of the
partitioning based on average GOS criterion is also checked by the following
conditions: (a) the dynamically recrystallized grains should be equiaxed and
having aspect ratio closer to 1 and (b) The DRX grains contain high fraction
of HAGBs and deformed grains have low fraction of HAGBs as seen in Figure
7.7c [157, 158].
Further, to study the role of hybrid reinforcements on the dynamic recrys-
tallization, the magnified view of image quality (IQ) maps of Mg-5.6Ti and
Mg-(5.6Ti+2.5B4C)BM composites are superimposed with grain boundaries and
HCP unit cells as shown in Figures 7.8(a & b) [65, 157].The boundary frac-
tions of individual grain boundaries of Mg-5.6Ti and Mg-(5.6Ti+2.5B4C)BM
are shown as inset in Figure 7.8. In the IQ maps, the LAGBs (2 - 5)° and
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Figure 7.7: EBSD generated (a) GOS maps showing combined presence
of recrystallized grains and deformed grains in (i) Mg-5.6Ti and (ii) Mg-
(5.6Ti+2.5B4C)BM composite, (b) GOS maps after the separation of DRX and
deformed grains in (i) Mg-5.6Ti and (ii) Mg-(5.6Ti+2.5B4C)BM composite and
(c) GBCD profile of Mg-5.6Ti and Mg-(5.6Ti+2.5B4C)BM composites after the
separation of (i) DRX and (ii) deformed grains.
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HAGBs (15 - 180)° are respectively represented in red and blue colour. Sim-
ilarly, the intermediate (5 - 15)° medium angle grain boundaries are shown in
green colour. Further, the second phase particles/reinforcements and its nearby
regions are mis-indexed due to the high dislocation density (GOS value) sur-
rounding the particles and are represented as black regions [65, 103, 155, 157].
From Figure 7.8, it can be seen that the very LAGBs (2 - 5)° and HAGBs (15
- 180)° are prominent in comparison to the boundaries with (5 - 15)°. Fur-
ther, in case of Mg-5.6Ti, only a few LAGB are present adjacent to the medium
angle grain boundaries (5 - 15)° [65]. Hence, it can be anticipated that only
a few LAGB are converted to HAGB during the high temperature extrusion
process as the fraction of medium angle grain boundaries is less. This could
result in an increased formation of twins near Ti particles to accommodate the
strain during deformation (marked as ‘1’ and ‘2’ in Figure 7.8a). In case of
Mg-(5.6Ti+2.5B4C)BM, the magnified IQF maps indicate the presence of re-
crystallized grains (near the second phases/reinforcements) which are rotated
by ~ 30° around c-axis from the parent grains (marked as ‘1’ and ‘2’ in Figure
7.8b) [65]. This could be attributed to the fact that the nano-B4C particles are
found distributed around the micron sized Ti (i.e. surrounding Ti) as seen from
EPMA results (Figure 7.4), which could probably assist in dislocation pileups
at these sites. In such cases, the dynamic recrystallization is expected to be
dominant [103]. Further, many LAGBs are found adjacent to the medium angle
grain boundaries (MAGB) which could essentially indicate the conversion of
LAGB to MAGB and then to HAGB as the deformation progress during extru-
sion. Hence, in Mg-(5.6Ti+2.5B4C)BM, new Mg-matrix grains are formed by
both particle stimulated nucleation (PSN) and by the conversion of LAGBs to
HAGBs. As a result, an increased fraction of recrystallization is observed in the
case of Mg-(5.6Ti+2.5B4C)BM in comparison to Mg-5.6Ti.
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Figure 7.8: High magnification inverse pole figure maps superimposed
with grain boundaries and HCP unit cells of (a) Mg-5.6Ti and (b) Mg-
(5.6Ti+2.5B4C)BM composites.
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The results of crystallographic texture measurements based on the EBSD scan
conducted on the plane parallel to the extrusion direction of Mg-5.6Ti and Mg-
(5.6Ti+x-B4C)BM composites are shown in Figure 7.9 in the form of (0002)
and (101¯0) pole figures. It can be seen from Figure 7.9a that most of the basal
planes are aligned parallel to the extrusion direction in case of Mg-5.6Ti. How-
ever, the nano-B4C hybridized Ti addition is observed to promote the spreading
of weak basal texture in Mg-(5.6Ti+x-B4C)BM composites as the basal planes
of Mg-(5.6Ti+0.5B4C)BM, Mg-(5.6Ti+1.5B4C)BM and Mg-(5.6Ti+2.5B4C)BM
composites are tilted respectively by ~ (10 - 20)°, ~ (10 - 35)° and ~ (20 - 30)°
with respect to the extrusion direction (Figures 7.9(b-d)) [62, 65, 155].
For the quantitative texture analysis of dynamic recrystallization behavior,
the φ = 90° orientation distribution function (ODF) of Mg-5.6Ti and Mg-(5.6Ti+
2.5B4C)BM composite are plotted as shown in Figure 7.10(a &b). It shows a
maximum texture intensity at φ1 = 0°, φ = 90° and φ2 = 0 - 60° in case of
Mg-5.6Ti which indicates a typical basal fibre texture in Mg-5.6Ti [100, 155].
However, in case of Mg-(5.6Ti+2.5B4C)BM, the texture intensity is maximum
at φ2= 30° compared to basal fibre texture in Mg-5.6Ti. The maximum intensity
observed along φ2 = 0° and φ2 = 30° indicates the combined presence of DRX
grains and deformed grains in both Mg-5.6Ti and Mg-(5.6Ti+2.5B4C)BM com-
posite. Further, the φ = 90° ODF sections are partitioned as shown in Figure 7.10
in order to separate the deformed grains and recrystallized grains [65, 103, 155–
158]. In case of Mg-5.6Ti, the maximum texture intensity is observed at φ2 =
0° and φ2 = 60° for the partitioned deformed grains (GOS > 1.105) and no peak
intensity is observed at φ2 = 30° for recrystallized grains (GOS < 1.105). This
indicates that during extrusion, most of the matrix grains underwent deforma-
tion without recrystallization and hence a higher fraction of tensile twins (3 %)
are formed. However, in Mg-(5.6Ti+2.5B4C)BM, the peak intensity is observed
at an angle near to φ2 = 30° for both the deformed grains (GOS > 0.84) and
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Figure 7.9: (0002) and (1010) pole figures of (a) Mg-5.6Ti, (b) Mg-
(5.6Ti+0.5B4C)BM, (c) Mg-(5.6Ti+1.5B4C)BM and (d) Mg-(5.6Ti+2.5B4C)BM.
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Figure 7.10: φ= 90° section of orientation distribution functions after partition
of DRX and deformed grains of (a) Mg-5.6Ti and (b) Mg-(5.6Ti+2.5B4C)BM
composites.
recrystallized grains (GOS < 0.84). This conclusively indicates the presence
of relatively more recrystallized grain in Mg-(5.6Ti+2.5B4C)BM and the influ-
ence of nano-B4C hybridized Ti particulates and other related phases on the
Mg-matrix grain refinement by recrystallization.
7.2.6 Coefficient of thermal expansion
Table 7.3 shows the thermal expansion coefficients of Mg-(5.6Ti+x-B4C)BM
composites. When compared to pure Mg and Mg-5.6Ti, the hybrid composite
samples showed marginal improvement in dimensional stability. It is attributed
to the lower thermal expansion coefficients of nano-B4C reinforcement / Ti(B,C)
intermetallics and the difference in thermal expansion coefficients (CTE) be-
tween the matrix and reinforcements / intermetallics. The CTE values of Mg,
Ti and B4C are αMg - 28.4 µ/°C, αTi - 9.17 µ/°C, αB4C - 5 µ/°C respectively
[105].
7.2.7 Mechanical properties
The mechanical properties of developed Mg-materials under indentation, tensile
and compressive loading conditions are listed in Table 7.4. It can be seen from
the table that while the addition of either individual or hybridized Ti particulates
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Table 7.3: Results of CTE measurements









increased the hardness values, superior hardness values are obtained when the
Ti particulates are added after hybridizing with nano-B4C. Among the hybrid
addition, Mg-(5.6Ti+2.5B4C)BM shows the highest mean microhardness value,
i.e. ~ 90 % and 30 % increase when compared to pure Mg and Mg-5.6Ti respec-
tively. Such an increase in microhardness values can be attributed to the higher
constraint offered by the hard reinforcements and other intermetallic phases to-
wards localized matrix deformation during indentation [54, 122, 159, 160].
The flow curves of developed Mg-materials under tensile and compressive
loading are shown in Figures 7.11. It clearly indicates the superior strength
properties of developed Mg materials (in comparison with pure Mg) and the
strengthening effects from individual Ti and hybrid (5.6Ti+x-B4C)BM reinforce-
ments. From Table 7.4, the yield strength and ultimate strength of Mg-(5.6Ti+x-
B4C)BM composites are found to increase with the increase in B4C addition and
amongst the composites, Mg-(5.6Ti+2.5B4C)BM composite exhibit the highest
strengths. The strength properties improvement in Mg-(5.6Ti+x-B4C)BM com-
posites as mentioned above can primarily be ascribed to the presence and rel-
atively uniform distribution of hybrid (5.6Ti+x-B4C)BM reinforcements/second
phases and the combined presence of Ti(B, C) intermetallic phases at the Mg/Ti
interface (Figure 7.4) [48, 54]. In the Mg-(5.6Ti+x-B4C)BM composites, the
dominant strengthening mechanisms are the coupled effects of (i) the presence
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7.2.7 Mechanical properties
of fine hybrid reinforcement/intermetallic phases and the effective load transfer
from matrix to second phases and (ii) the grain refinement due to localized dy-
namic recrystallization (Figures 7.7 & 7.8). In addition, the mismatch in elastic
and thermal expansion coefficients between matrix and reinforcements/second
phases (αMg- 28.4 µ/°C, αTi- 9.17 µ/°C, αB4C - 5 µ/°C ) would also contribute
towards the strengthening effects in these composites [48, 54, 122]. The pres-
ence of additional (B4C) reinforcements in Mg-(5.6Ti+x-B4C)BM composites
in comparison to Mg-5.6Ti is expected to improve the strengths at the expense
of ductility. However, the strength enhancement in Mg-(5.6Ti+x-B4C)BM is ac-
companied by no significant adverse effect on the ductility (under both tension
and compression) which could be due to the absence/relatively lower volume
fraction of Mg based brittle secondary phases [6, 48, 54].
Further, the results of EBSD based texture evolution studies can be used to
comprehend the role of hybrid (5.6Ti+x-B4C)BM reinforcements on the crys-
tallographic texture evolution and hence on the strength / ductility improve-
ment. It is well known that the Mg materials deform by basal slip which is
the dominant deformation mechanism based on the lower critical resolved shear
stress (CRSS) value at room temperature [62, 65, 118]. In the present case, the
nano-B4C hybridized Ti addition is observed to promote the spreading of weak
basal texture in Mg-(5.6Ti+x-B4C)BM composites. This suggests the possible
chances of slip transition (non-basal slip) which would improve the deforma-
tion behaviour [62, 66, 118, 120, 156]. Further, the higher ductility value of
Mg-(5.6Ti+0.5B4C)BM amongst the hybrid composites could be attributed to the
alignment of basal planes which are more favourable for slip. The weak basal
fibre texture extending between ~ (10 - 90)º in case of Mg-(5.6Ti+1.5B4C)BM
composite could result in higher Schmid factor which in turn improves/retains
the ductility when compared to Mg-5.6Ti [62, 66, 118, 120, 156].
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Figure 7.11: (a) Tensile and (b) compressive response of developed Mg materi-
als.
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7.2.8 Fractography
The results of fractographic analysis conducted on the fractured samples of Mg-
materials under tensile loading are shown in Figure 7.12. It shows mixed mode
fracture with prominent features showing evidence of plastic deformation in
contrast to the typical cleavage type brittle fracture as reported in case of pure
Mg [161]. Alongside ductile features, Ti particle debonding is also prominently
seen in Mg-5.6Ti (Figure 7.12a) which can be attributed to the lack of chemical
bonding at the Mg/Ti interface [161]. However, in the case of Mg-(5.6Ti+x-
B4C)BM composites, the higher magnification image (Figure 7.12c) near the Ti
particle show particle cracking extending from the Mg-matrix into the Ti parti-
cle, without any cracking at the matrix-reinforcement interface. This indicates
good interfacial bonding and that the particle acting as a load-bearing member
in these Mg-(5.6Ti+x-B4C)BM composites. In such cases, the complete load
transfer from the matrix to the particles would lead to large stresses on the par-
ticles. However, as particle deformation would be restricted (considering the
higher dislocation density present around these particles, as explained before),
these large local internal stresses, upon reaching a critical value would lead to
particle fracture. This behaviour is unlike those seen in ceramic reinforcements,
wherein matrix cracking, interface cracking and debonding are prominent frac-
ture features [51].
Under compressive loading, fracture in all the samples was initiated near
the specimen ends and occurred at ~ 45° angle with respect to the compression
test axis at the maximum stress. This indicates that the overall failure mecha-
nism in all the Mg materials under compression loading is unchanged. Further,
the representative fractographic evidences of Mg-5.6Ti and its hybrid compos-
ites samples under compressive loading conditions reveal the presence of shear
bands as shown in Figure 7.13. It attributes to the heterogeneous deformation
and the work hardening behaviour as the work hardening rate is faster in the
case of samples failed by shear bands [162, 163].
Synthesis and characterization of Titanium containing Magnessium materials 115
7.2.8 Fractography
Figure 7.12: Representative tensile fracture surfaces of (a) Mg-5.6Ti and (b)
Mg-(5.6Ti+x-B4C)BM. (c) Higher magnification image showing Mg-matrix
cracking extending into Ti-particle in Mg-(5.6Ti+ 2.5B4C)BM composite.
Figure 7.13: Representative compressive fracture surfaces showing shear bands
in (a) Mg-5.6Ti and (b) Mg-(5.6Ti+1.5B4C)BM composite.
Synthesis and characterization of Titanium containing Magnessium materials 116
7.3. CONCLUSIONS
7.3 Conclusions
The microstructural evolution and mechanical properties of Mg hybrid nanocom-
posites containing micron-sized Ti, hybridized with different weight fractions of
nanosized-B4C were studied. Based on the process-structure-property correla-
tion, the following conclusions are drawn.
1. When compared to Mg-5.6Ti, the addition of nano-B4C hybridized micron-
sized Ti particles promoted localized dynamic recrystallization and re-
sulted in refinement in grain size and increase in microhardness values.
2. Based on microstructural evolution studies by EBSD analyses (misori-
entation angle distribution, grain boundary character distribution, grain
orientation spread), the Mg-(5.6Ti+x-B4C)BM hybrid composites, show
more recrystallized grains and less tensile twins compared to Mg-5.6Ti.
3. Texture studies confirmed that the addition of nano-B4C hybridized micro
Ti addition to Mg resulted in realignment of basal planes and extension
of weak basal fibre texture when compared to Mg-5.6Ti, where the basal
planes are nearly parallel to the extrusion direction.
4. Under tensile loads and compressive loads, the Mg-(5.6Ti+ x-B4C)BM hy-
brid composites exhibit the best combination of properties with enhanced
strength and improved/retained ductility.
5. The enhancement in strength properties under both tension and compres-
sion of Mg-(5.6Ti+x-B4C)BM hybrid composites can be attributed to the
presence of nano-reinforcements, the uniform distribution of the hybridized
particles, better interfacial bonding between the matrix and the reinforce-
ment particles and texture modification achieved by nano-B4C addition.
6. The higher/retained ductility values of Mg-(5.6Ti+x-B4C)BM composites
in comparison to Mg-5.6Ti corresponds to the favourable basal planes
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alignment and the spreading of weak fibre texture resulted from the nano-
B4C hybridized Ti addition.






In this chapter, the mechanical behavior of two hybrid nanocomposite formula-
tions (one containing nano-Al2O3 and another with nano-B4C) developed in this
thesis work are studied for lateral comparison. The results of room temperature
mechanical property measurements reported in chapters 6 and 7 for Mg-(5.6Ti
+2.5Al2O3)BM and Mg-(5.6Ti+x-B4C)BM are directly compared to identify the
role of nature of nanoparticulates in defining the structure and properties of hy-
brid Mg-nanocomposites.
The variation in mechanical properties (both strength and ductility) due to
nano-Al2O3 or nano-B4C addition to Mg-5.6Ti composite is shown in Figure
8.1(a-d). In these composites, the Ti particles were considered as the primary
reinforcement and the nanoscale ceramic particles are considered as secondary
reinforcement. Table 8.1 shows the respective volume fraction of secondary re-
inforcements (i.e. Al2O3 in Mg-(5.6Ti+2.5Al2O3)BM and B4C in Mg-(5.6Ti+x-
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Table 8.1: Details of secondary reinforcement used in this study
S. No. Materials









1 Mg-(5.6Ti+2.5Al2O3)BM Al2O3 2.5 1.11
2 Mg-(5.6Ti+0.5B4C)BM B4C 0.5 0.35
3 Mg-(5.6Ti+1.5B4C)BM B4C 1.5 1.05
4 Mg-(5.6Ti+2.5B4C)BM B4C 2.5 1.74
B4C)BM) in the developed hybrid composites. It indicates that the addition of
nano-B4C particulates to Mg-5.6Ti has efficiently improved the strength and
ductility when compared to nano-Al2O3 particulates.
Strength:
In case of nano-B4C addition, the strength properties (both tensile and compres-
sive) are found to improve with respect to B4C volume fraction. However, in
composites with Al2O3 addition, only the yield strength values, whereas slight
reduction is seen in the ultimate strength values Figure 8.1(a-b). This also shows
that the work hardening behavior of Mg-(Ti+B4C) composites are relatively su-
perior when compared to Mg-(Ti+Al2O3) composite.
In any metal matrix composite, the increase in strength when compared to its
monolithic counterpart can be attributed to the following reasons: (a) Orowan
strengthening [117] and [164]; (b) grain size strengthening [164] and [147]; (c)
effective load transfer from the matrix to the reinforcement [108] and [165] and
(d) generation of geometrically necessary dislocations (GNDs) to accommodate
the coefficient of thermal expansion (CTE) and elastic modulus mismatch be-
tween the Mg matrix and (Ti+Al2O3) or (Ti+B4C) reinforcement [1] and [105].
The above mentioned strengthening mechanisms depend on the factors such
as (i) size and volume fraction of reinforcement, (ii) thermal expansion coeffi-
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Figure 8.1: Variation of (a) tensile strength, (b) compressive strength, (c)
tensile ductility and (d) compressive ductility of Mg-(Ti+Al2O3)BM and Mg-
(Ti+B4C)BM composite with respect to secondary reinforcement volume frac-
tion
Synthesis and characterization of Titanium containing Magnessium materials 121
cient, (iii) elastic modulus, (iv) inter-particle spacing and (v) matrix grain size.
With similar particle size (~ 50 nm), it is expected that the composite with rel-
atively larger volume fraction of reinforcement would display greater strength
values. Hence, the high strength observed in Mg-(5.6Ti+2.5B4C) corresponds
to the relatively larger volume fraction of B4C (i.e. 1.74 vol. %) (Table 8.1).
Among the hybrid composites containing similar volume fraction (~ 1 vol.
%) of Al2O3 and B4C, slightly larger strength values were observed in B4C
containing Mg-(5.6Ti+1.5B4C) composite over Mg-(5.6Ti+2.5Al2O3). It could
be attributed to the (i) low CTE value of B4C (5 µm/K) when compared to
Al2O3 (7.4 µm/k) [1] and [105] and (ii) larger elastic modulus of B4C (450 GPa)
compared to Al2O3 (410 GPa) [1] and [105], which would lead to increased
dislocation density and improved strengthening effects in the B4C reinforced
composite.
Further, the results of microstructural observations are used to comprehend
the strength properties improvement in Mg-(5.6Ti+1.5B4C) when compared to
Mg-(5.6Ti+2.5Al2O3). Figure 8.2 shows the grain size distribution in Mg-5.6Ti,
Mg-(5.6Ti +2.5Al2O3)BM and selected Mg-(5.6Ti+x-B4C)BM composites based
on area fraction. It indicates that while there is a widespread distribution of
matrix grain size upto 50 µm in Mg-5.6Ti composite, it is found to be more nar-
row in case of the hybrid composites. Especially in Mg-(5.6Ti+2.5B4C)BM, the
maximum grain size was limited to ~ 16 µm. Such narrow distribution with fine
matrix grain size would actively contribute towards the significant increase in
yield strength values (both tensile and compression) by grain size strengthening
through Hall-Petch mechanism [54, 147](Refer Table 7.4 in Chapter 7).
It is also interesting to note from Figure 8.2 that the matrix grain size distri-
bution in case of Mg-(5.6Ti+1.5B4C)BM and Mg-(5.6Ti+2.5Al2O3)BM compos-
ites is observed to be more or less similar (i.e the maximum grain size is limited
to ~ 35 µm in both the cases). It could be due to the fact that the volume fraction
of secondary reinforcement (i.e Al2O3 in Mg-(5.6Ti+2.5Al2O3)BM and B4C in
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Figure 8.2: Grain size distribution profile of (a) Mg-5.6Ti, (b) Mg-
(5.6Ti+2.5Al2O3)BM, (c) Mg-(5.6Ti+1.5B4C)BM and Mg-(5.6Ti+2.5B4C)BM
composites
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Mg-(5.6Ti+1.5B4C)BM) in the aforementioned composites is nearly equal, ~ 1
vol. %. (Refer Table 8.1 showing the respective volume fraction of secondary
reinforcements in developed Mg hybrid composites). Hence, it could be in-
ferred that the degree of grain refinement obtained due to hybrid reinforcement
addition is closely related to the volume fraction of secondary reinforcement.
The microstructure and particle size distribution profile of as-received Ti
and ball milled (5.6Ti+2.5Al2O3)BM and (5.6Ti+1.5B4C)BM powder are shown
in Figure 8.3(a-d). It indicates that while the average size of particles in both
the ball milled powder is smaller than that of as-received Ti (Figure 3(a-c),
maximum number of particles was observed in the range 20 – 30 μm in the
case of ball milled (5.6Ti+2.5Al2O3) powder and < 10 μm in the case of ball-
milled (5.6Ti+1.5B4C) powder. It is known that the smaller sized particles
of similar volume fraction would occupy a larger area and when the particle
size is larger than the critical size for dislocation to cut through, these particles
would efficiently restrict the dislocation movement and improve the strength
[54, 147, 165, 166]. Hence, in this case, the relatively larger strength values of
Mg-(5.6Ti+x-B4C) composite could be due to the presence of relatively smaller
sized ball milled (Ti+B4C) particles and its efficiency in restricting the disloca-
tion movement.
Ductility:
In case of ductility, while both nano-B4C and nano-Al2O3 addition shows a de-
creasing trend with the addition of secondary reinforcement (although the frac-
ture strain values of Mg-(Ti+B4C)BM composites are higher compared to Mg-
5.6Ti), the hybrid composites containing nano-B4C particles exhibit relatively
higher ductility under tensile loading (Figure 8.1). Under compressive load-
ing, the fracture strain values of both the composites (Mg-(5.6Ti+1.5B4C)BM
and Mg-(5.6Ti+2.5Al2O3)BM) (i.e both the composite having ~ 1 vol. % re-
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Figure 8.3: Microstructure of (a) as-received Ti, (b) (5.6Ti+2.5Al2O3)BM
and (5.6Ti+1.5B4C)BM powder. (d) Histogram showing the distribution of
number of particles vs. particle size in as-received Ti and ball milled
(5.6Ti+2.5Al2O3)BM and (5.6Ti+1.5B4C)BM powder
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inforcement) (Figure 8.1). The increase in tensile ductility due to boron rich
nanoparticle addition has been recently reported wherein it was said that (i)
the addition of boron compound tends to randomize the basal texture of Mg
[167]and [168] and (ii) the free boron released from reacting B4C nanoparticle
possibly would increase the ease of nanoscale stacking fault formation and the
coarser nanoparticle induced break down of high strain zones would serve as a
nanoscale mechanism to counter the crack formation [169, 170].
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Chapter 9
Heat treatment effects of
Mg-(5.6Ti+2.5B4C)BM composite
9.1 Introduction
Considering the mechanical properties (strength and ductility) of different com-
posite formulations developed in this PhD work, the Mg-(5.6Ti+2.5B4C)BM
composite exhibit superior combination of mechanical properties (strength: σTy
= 215 MPa, σCy = 118 MPa; σTu = 260 MPa, σCu = 419 MPa and ductility: εT
= 8 %, εC = 13 %). It should be noted that in metal matrix composites inter-
nal stresses develop within the material due to various factors, and low tem-
perature heat treatments are usually carried out to relieve the internal stresses
in the materials [53, 103, 171–173]. However, the selection of heat treatment
temperature and time is mainly dependent upon the type of matrix and rein-
forcements and volume fraction of reinforcements. In addition, in the hybrid
Mg-nanocomposites (mentioned above), internal stresses are also likely to be
present in the developed material due to the addition of multiple elements (hy-
brid reinforcements) and multiple processing steps - such as ball-milling (to
hybridize the reinforcements), casting (primary processing method) and hot ex-
trusion (secondary processing method), which may affect the strength properties
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during mechanical loading. Hence, an attempt is made to study the effects of
composite heat treatment on the microstructure and mechanical properties of
Mg-(5.6Ti+ 2.5B4C)BM composite.
In the first step, the extruded Mg-(5.6Ti+2.5B4C)BM composite samples are
subjected to heat treatment at temperatures between 100 ºC and 300 ºC for 1 h to
study the effect of heat treatment temperature on the microstructural character-
istics. The temperature of significant grain growth is identified and in the next
step, the samples were heat treated at 200 °C for different time interval (between
1 h to 5 h) to study the effect of heat treatment time on the microstructure. Mi-
crohardness tests were also conducted to study the effects of heat treatment on
the mechanical properties under indentation. The results of in-depth microstruc-
tural analysis by electron back scattered diffraction (EBSD) characterization are
used to comprehend the microstructural changes during heat treatment. Mg-
(5.6Ti+2.5B4C)BM composite samples after selected heat treatment condition
were also tested for the mechanical properties under tensile and compressive
loading.
9.2 Results and discussion
The effect of heat treatment temperature and time on the microstructure and mi-
crohardness was studied on Mg-(5.6Ti+2.5B4C)BM hybrid nanocomposite. Fur-
ther in-depth analysis on microstructure using EBSD methods and mechanical
properties under tensile and compressive loading conditions were investigated
using the selected heat treatment parameters.
9.2.1 Heat treatment temperature
The results of microstructural studies conducted on the Mg-(5.6Ti+2.5B4C)BM
composite after heat treatment at different temperatures (100 °C, 150 °C, 200
°C, 250 °C and 300 °C) for 1 h are listed in Table 9.1 and shown in Figure 9.1. It
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Table 9.1: Results of microstructural and microhardness measurements con-
ducted on the Mg-(5.6Ti+2.5B4C)BM composite samples after heat treatment at






1 As-extruded 5.66 ± 4.33 1.64 ± 0.33 84.8 ± 4.4
2 HT: 100 °C, 1 h 7.28 ± 3.78 1.80 ± 0.41 84.0 ± 4.0
3 HT: 150 °C, 1 h 7.85 ± 4.88 1.73 ± 0.27 83.5 ± 3.7
4 HT: 200 °C, 1 h 8.34 ± 4.26 1.68 ± 0.11 82.5 ± 5.2
5 HT: 250 °C, 1 h 15.68 ± 4.50 1.56 ± 0.24 73.2 ± 4.1
6 HT: 300 °C, 1 h 21.16 ± 4.26 1.69 ± 0.31 67.8 ± 4.0
reveals that the average grain size value increases with the increase in heat treat-
ment temperature. However, it is found to be in the same range (i.e. between
6 to 10 µm, considering the standard deviation) when the samples were heat
treated below 200 °C for 1 h. In case of temperatures greater than 200 °C, the
heat treatment resulted in significant increase in the average grain size. The re-
sults of microhardness measurements conducted on the Mg-(5.6Ti+2.5B4C)BM
composite samples after heat treatment at different temperature are listed in Ta-
ble 9.1. It indicates a decrease in microhardness value with the increase in heat
treatment temperature due to heat treatment.
The results (Figure 9.1 and Table 9.1) hence suggest that the transition from
fine grains to coarse grains occurred at 200 °C, as the heat treatment below
200 ºC did not provide the critical energy required to facilitate grain boundary
migration and significant grain growth resulting in matrix softening that can be
observed at temperatures greater than 200 °C [54, 103].
9.2.2 Heat treatment time
In this step, the composite samples were heat treated at 200 °C for different time
interval (1 h, 2 h, 3 h, 4 h and 5 h) to study the effect of heat treatment time on the
microstructural and mechanical characteristics of Mg-(5.6Ti+2.5B4C)BM com-
posite. The microstructural characterization results (Figures 9.2 and Table9.2)
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Table 9.2: Table 2 Results of microstructural and microhardness measurements
conducted on the Mg-(5.6Ti+2.5B4C)BM composite samples after heat treat-






1 HT: 200 °C, 1 h 8.34 ± 4.26 1.68 ± 0.11 82.5 ± 5.2
2 HT: 200 °C, 2 h 10.50 ± 4.87 1.84 ± 0.30 78.7 ± 3.7
3 HT: 200 °C, 3 h 11.98 ± 6.50 1.61 ± 0.28 76.0 ± 3.4
4 HT: 200 °C, 4 h 12.01 ± 4.10 1.40 ± 0.22 72.6 ± 2.0
5 HT: 200 °C, 5 h 12.14 ± 3.20 1.32 ± 0.27 71.8 ± 1.8
indicate an increase in average grain size with an increase in heat treatment time.
However, considering the standard deviation, the variation in average grain size
seems to be marginal, suggesting the saturation in grain growth. The results
also indicate a reduction in the aspect ratio of the grains resulting in improved
roundness.
The microhardness measurements conducted after heat treatment at 200 °C
for different time interval on the Mg-(5.6Ti+2.5B4C)BM composite samples are
listed in Table 9.2. Matrix softening (decrease in microhardness) corresponding
to the relaxation of internal residual stress (due to the differences in their thermal
expansion coefficients) developed between the matrix and the reinforcements is
evident from the microhardness measurements [51, 174]. While the decrement
in average mean hardness value upon heat treatment at 200 °C was substantial
between 1 h to 3 h, it is found to be marginal at time interval between 4 h and
5 h. Hence from the microstructural and microhardness measurements, consid-
ering the standard deviation, it is apparent that the grain coarsening (increase in
average grain size) and matrix softening (decrease in microhardness) is virtually
marginal after heat treatment at 200 °C for 5 h.
Further in-depth microstructural analysis and mechanical properties evalua-
tion are conducted on samples heat treated for 200 °C/5 h.
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9.2.3 Microstructural investigations using EBSD
Figure 9.3: EBSD micrographs of Mg-(5.6Ti+2.4B4C)BM composite (a) before
and (b) after heat treatment at 200 °C for 5 h.
9.2.3 Microstructural investigations using EBSD
The results of EBSD measurements conducted on the Mg-(5.6Ti+2.5B4C)BM
composite samples before and after heat treatment (200 °C/5 h) are obtained in
the form of inverse pole figure maps as shown in Figure 9.3. In the as-extruded
condition, the combined presence of near equi-axed and elongated grains in
the extruded microstructure of Mg-(5.6Ti+2.5B4C)BM composite can be seen
(Figure 9.3a). In comparison, the EBSD microstructure after heat treatment
(Figure 9.3b) shows more equi-axed grains.
The obtained EBSD microstructures were then partitioned using the grain
orientation spread (GOS) criterion as shown in Figure 9.4 to study the mi-
crostructural evolution in detail which involved the separation of Mg-matrix
grains based on the average misorientation between all pixels in a grain [103,
155, 156]. A high average GOS value generally indicates higher geometrically
necessary dislocation (GND) content and more residual strain in the material;
while low GOS value indicates lower dislocation content.
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Figure 9.4: GOS partitioned microstructure of Mg-(5.6Ti+2.5B4C)BM compos-
ite (a) before and (b) after heat treatment at 200 °C for 5 h.
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In the present case, GOS value less than the average value correspond to
the strain free microstructure and GOS value higher than the average value
corresponds to the deformed microstructure [155, 157, 158]. After GOS par-
tition, Figure 9.4 shows the combined presence of strain free grains and de-
formed grains in both cases (i.e. before and after heat treatment). The de-
formed grains with orientation spread greater than the average orientation spread
of the total microstructure are shown in green to red colour which indicates
the area of larger lattice distortion accompanied by high dislocation density
[155, 157, 158]. The grains in blue colour with orientation spread less than
the average orientation spread represents uniform strain without stress concen-
tration and lattice distortion. Thus the GOS maps shown in Figure 9.4(a & b)
indicate the presence of more strain free equi-axed grains in heat treated con-
dition (~ 77.6 %) when compared to the non-heat treated condition (~ 56.2 %)
[155, 157, 158].
The obtained results can be verified using the kernel average misorientation
criterion which represents the distribution of local misorientation within a grain
due to the strain imparted in the material. It involved the calculation of aver-
age orientation of each pixel with respect to its first nearest neighbour (with a
provision that excludes the misorientation exceeding 5°) (Biswas et al., 2012).
Here, the misorientation of a particular pixel with respect to all the points which
are present at the perimeter of a kernel was measured. The average misorien-
tation was then calculated and assigned to the pixel present at the centre point.
The material is expected to be strain free when the KAM peak value increase in
number fraction, [155]. In the present case, from the KAM plot (Figure 9.5), it
can be clearly observed that the peak value increases after heat treatment, when
compared to the as-extruded condition, indicating strain-free grains. These re-
sults corroborate with the GOS partition which showed the presence of relatively
more strain free grains due to the residual stress relaxation.
Further, the results of crystallographic texture measurements by x-ray diffrac-
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Figure 9.5: KAM distribution profile of Mg-(5.6Ti+2.5B4C)BM composite (a)
before and (b) after heat treatment at 200 °C for 5 h.
tion were used to identify the change in dominant crystallographic orientation
of Mg-(5.6Ti+2.5B4C)BM composite after heat treatment (at 200 °C/5 h). The
obtained results were presented in the form of (101¯0) and (0002) pole figures
as shown in Figure 9.6. It indicates a typical basal texture of Mg (c/a = 1.634)
tilted by ~ (10 – 20)° and ~ (15 – 25)° respectively in the as-extruded and heat
treated conditions of Mg-(5.6Ti+2.5B4C)BM. This extension of fibre spread in-
dicates texture weakening after heat treatment [65, 155]. For quantitative texture
analysis of recrystallization behaviour, the φ = 90° orientation distribution func-
tion (ODF) of the composite before and after heat treatment were calculated as
shown in Figure 9.7. It shows that (at φ = 90°), the maximum texture intensity
is observed at φ2 = 30°, φ1 = 0° in both the cases. However, the intensity is
found to reduce after heat treatment. Further, ODF section was partitioned to
separate out the recrystallized grains as shown in Figure 9.7(a & b). After GOS
partition, the φ = 90° ODF section of the as-extruded Mg-(5.6Ti+2.5B4C)BM
composite indicates maximum peak at φ2 = 20° and φ2 = 40° for the deformed
grains and spreads between φ2 = 0− 60° for the recrystallized grains (Figure
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Figure 9.6: (0002) and (101¯0) pole figures of Mg-(5.6Ti+2.5B4C)BM composite
(a) before and (b) after heat treatment at 200 °C for 5 h.
9.7a). In case of heat treated composite, it was observed at φ2 = 30° for the re-
crystallized grains and φ2 = 0° and φ2 = 60° for deformed grains (Figure 9.7b).
This conclusively shows weakening of basal texture due to enhanced recrystal-
lization effects during heat treatment.
9.2.4 Tensile and compressive properties
The tensile properties of Mg-(5.6Ti+2.5B4C)BM composite in the as-extruded
and selected heat treated condition (200 °C/ 5 h) are listed in Table 9.3. Under
tensile loading, heat treatment at 200 °C for 5 h resulted in significant enhance-
ment in ductility (~ 85 % and ~ 60 % increase under tensile and compressive
loading respectively) and static toughness (~ 100 % and ~ 50 % increase under
tensile and compressive loading respectively). While the improvement in duc-
tility occurred with ~ 20 % reduction in yield strength, it is interesting to note
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Figure 9.7: φ = 90° orientation distribution function (ODF) section of Mg-
(5.6Ti+2.5B4C)BM composite after partitioning DRX and deformed grains (a)
before and (b) after heat treatment.
that the static toughness (calculated from the area under the stress-strain curve
[166] is significantly high when compared to the non-heat treated counterpart.
Larger the value, higher is the ability of the material to absorb energy and plas-
tically deform without fracturing [54] and is indicative of enhanced toughness.
The representative engineering stress-strain curve of the as-extruded and heat
treated composite under tensile loading is shown in Figure 9.8a.
The results of compression testing conducted on the composites in the as-
extruded condition and after heat treatment at 200 °C for 5 h is listed in Table
9.4 and shown in Figure 9.8b. Similar to tensile test results, the compressive
property measurements of Mg-(5.6Ti+2.5B4C)BM composite after heat treat-
ment also shows an enhancement in the fracture strain and static toughness val-
ues (by 60 % and 45 % respectively) with a slight reduction in the strength
values when compared to the non-heat treated counterparts.
The observed change in the nature of flow curves before and after heat treat-
ment and especially the increment in ductility at a little expense of strengths un-
der tensile and compressive loading can well be ascribed to (i) the presence of
less stressed matrix-reinforcement interface due to the relief of residual stresses,
especially at the Ti/Mg interface as Ti is an active load bearing member, (ii) re-
duction in strengthening contribution resulting from an increase in the average
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Table 9.3: Room temperature tensile properties of Mg-(5.6Ti+2.5B4C)BM com-
posite before and after heat treatment


















215 ± 9 260 ± 8 8.1 ± 0.3 20.5 ± 0.2
2 Mg-(5.6Ti+2.5B4C)BM
(HT: 200 °C / 5 h)
176 ± 2 245 ± 4 15.1 ± 0.3 35.5 ± 2.1
*Values calculated from the stress–strain diagram using excel software
Table 9.4: Room temperature compressive properties of Mg-(5.6Ti+2.5B4C)BM
composite before and after heat treatment



















118 ± 5 419 ± 7 13.0 ± 0.5 31.7 ± 1.3
2 Mg-(5.6Ti+2.5B4C)BM
(HT: 200 °C / 5 h)
91 ± 5 401 ± 4 20.5 ± 0.4 46.1 ± 0.6
*Values calculated from the stress–strain diagram using excel software
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9.2.4 Tensile and compressive properties
Figure 9.8: Engineering stress-strain curves of Mg-(5.6Ti+2.5B4C)BM before
and after heat treatment at 200 °C for 5 h under (a) tensile and (b) compressive
loading.
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grain size and (iii) weakening of basal texture due to enhanced matrix recrystal-
lization effects during heat treatment [51, 53, 175].
The surfaces of tension test fractured samples of both the as-extruded and
heat treated Mg-(5.6Ti+2.5B4C)BM composite are shown in Figure 9.9(a-d).
The fracture features exhibited by the composite samples corroborates with the
ductility results obtained from tensile testing (Table 9.3). Compared to the non-
heat treated counterpart (Figure 9.9a), the tensile fracture surface of heat treated
composite (Figure 9.9b) showed relatively uniform deformation behaviour with
less evidences of matrix cracks and cleavage steps [53, 54]. Further, the ten-
sile fractographs of non-heat treated composite as shown in Figure 9.9c display
significant particle and matrix cracking alongside good interfacial bonding be-
tween the Ti particle and the Mg-matrix. In general, the presence of hard re-
inforcement in particulate reinforced metal matrix composites results in signifi-
cant matrix work hardening [51]. This will place the matrix under a large degree
of constraint with inability for strain relaxation to take place by deformation.
This eventually would result in the onset of void nucleation and propagation at
the particle/matrix interface. Similar feature can be observed in Figure 9.9c.
However, it is not seen in the heat treated condition (Figure 9.9d) which shows
prominent particle debonding. The presence of more strain free grains due to en-
hanced matrix recrystallization and interfacial stress relaxation as observed from
the microstructural measurements will result in a less stressed Ti particle - Mg
matrix interface which in turn would promote the onset of Ti particle debonding
rather than crack formation (because of the absence of chemical bonding and
negligible solubility between Mg and Ti) [53, 54, 173]. This can be supported
by the results of tensile and compressive testing which indicates a significant
reduction in yield strength values alongside significant ductility improvement
due to heat treatment similar to those reported elsewhere [51, 53, 54, 173, 175].
The fractured surfaces under compressive loading of both the as-extruded
and heat treated Mg-(5.6Ti+2.5B4C)BM composites exhibit shear mode fracture
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Figure 9.9: Representative fractographs of Mg-(5.6Ti+2.5B4C)BM composite
tested under tensile loading (a, c) before and (b, d) after heat treatment at 200
°C for 5 h.
as seen in Figure 9.10. However, the fractograph of samples tested after heat
treatment display reduced shear bands (Figure 9.10b) when compared to the
composite samples tested in as-extruded condition. It confirms to the stress-
strain curve indicating reduced work hardening behaviour of composite post
heat treatment (Figure 9.8b) [171, 172, 176]. Similar reduction in work hard-
ening behaviour due to the reduction in the dislocation density and hot spots
attributed to the interfacial stress relaxation during the heat treatment process
was observed by Hu et al. [172] in case of Al/SiC composites after heat treat-
ment.
9.3 Conclusions
Mg-(5.6Ti+2.5B4C)BM composite was investigated for the effect of heat treat-
ment temperature and heat treatment time on the microstructural and mechanical
properties. Based on the process-structure-property correlation, the following
conclusions are drawn.
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Figure 9.10: Representative fractographs of Mg-(5.6Ti+2.5B4C)BM composite
tested under compressive loading (a) before and (b) after heat treatment at 200
°C for 5 h.
1. Within the investigated range of heat treatment temperatures at constant
time, heat treatment at 200 °C proved to be the transitional temperature
between refined grains and coarsened grains.
2. At the transitional heat treatment temperature of 200 °C, any increase in
heat treatment time from 1 h to 5 h resulted in coarsening of grains and
decreased hardness. Heat treatment condition 200 °C/ 5 h is selected as
it showed marginal changes in grain size and microhardness with most
equi-axed grain structure.
3. Detailed microstructural studies conducted using EBSD analysis on the
heat treated sample (200 °C/5 h) revealed the presence of more strain free
grains corresponding to the recrystallization and residual stress relaxation
effects due to heat treatment, when compared to the non-heat treated ma-
terial.
4. Mechanical properties under both tension and compression loading con-
ditions for heat treated composite showed significant improvement in duc-
tility values with slight reduction in yield strength, with an overall signif-
icant increase in the composite toughness.
5. Using structure-property correlation, the effect of heat treatment on the
mechanical properties is understood to be due to the less stressed matrix-
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reinforcement interface brought forth by: (a) relieving of residual stresses
and (b) texture weakening due to enhanced matrix recrystallization effects
during heat treatment.
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Chapter 10
Overall Conclusions
The main aim of this PhD project was to develop new light weight magne-
sium materials through the addition of titanium particulates either individually
or in combination with (a) aluminium (b) nano-alumina particulates and (c)
nano-boron carbide particulates, respectively, using disintegrated melt deposi-
tion technique followed by hot extrusion.
In the first phase, the microstructural and mechanical properties of Mg-5.6Ti
composite were studied in detail in comparison to monolithic Mg and following
conclusions were drawn from the structure-property relationship:
1. The addition of insoluble metallic element (Ti) formed Mg-5.6Ti compos-
ite.
2. Microstructural studies indicate grain refinement due to the uniform dis-
tribution of Ti particles.
3. Texture analyses using x-ray showed weakening of basal extrusion texture
due to the addition of Ti particles.
4. Mechanical properties characterization showed improvement in strength
properties occurred without compromising ductility under tension and at
the expense of ductility under compressive loading.
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In the next phase, new titanium containing magnesium materials were synthe-
sized through the addition of micron or nano-sized metallic / ceramic particu-
lates, such as (i) Al, (ii) nano-Al2O3 and (iii) nano-B4C in combination with the
titanium particles to improve the mechanical response of Mg-5.6Ti composite.
From the experimental results, it was understood that in addition to the proper-
ties of the individual reinforcements and the strengthening mechanisms arising
there upon, the method of hybrid reinforcement preparation also played a major
role in determining the mechanical response of the developed Mg-composites.
The main conclusions derived from each of these systems are listed below:
Mg-Ti-Al system
1. In general, the combined addition of Ti and Al to pure Mg leads to signif-
icant grain refinement, strength enhancement and reduced ductility. How-
ever, the resulting microstructure and mechanical properties primarily de-
pend on their method of addition.
2. The prior ball milling of the soluble and insoluble elements not only
changed their morphology but also resulted in solid-state reaction forming
in-situ Al3Ti intermetallic phase. Hence the Mg-(5.6Ti+3Al)BM compos-
ite with pre-processed metallic addition was composed of Mg+(Ti+Al3Ti)
while that of Mg-5.6Ti-3Al was made of Mg+(Ti+Mg17Al12) as direct ad-
dition of Ti and Al to Mg resulted in Ti+Mg17Al12.
3. The Mg-(5.6Ti+3Al)BM composite showed significant grain refinement,
lower CTE and substantial improvement in hardness, tensile and compres-
sive strengths, with a loss in ductility. The improved strength properties
of Mg-(5.6Ti+3Al)BM composite under tensile, compressive and indenta-
tion loads can be attributed to the inherent properties of Al3Ti intermetal-
lic phase and a change in morphology of the particles. In comparison,
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the Mg-5.6Ti-3Al composite showed lower strength properties than Mg-
(5.6Ti+3Al)BM.
Mg-Ti-Al2O3 system
1. Properties characterization indicated the positive influence of hybrid rein-
forcement preprocessing on the microstructural and mechanical response
of Mg-composite.
2. Unlike that in Mg-Ti-Al, the ball milling of Ti and nano-Al2O3 did not
result in the formation of any interfacial reaction products.
3. The addition of hybrid reinforcements either directly or after pre-processing
significantly reduced the grain size and CTE and increased the hardness
when compared to monolithic Mg and Mg-5.6Ti.
4. Under both tensile and compressive loading, hybrid composites prepared
by direct addition of the reinforcements (Mg-5.6Ti-2.5Al2O3) exhibit en-
hanced strength and reduced ductility when compared to that with ball-
milled addition, Mg-(5.6Ti+2.5Al2O3)BM. This can be attributed to the
clustered and angular shaped Ti-particles present in the matrix.
5. Hybrid composites prepared after ball-milling of the reinforcements, Mg-
(5.6Ti+2.5Al2O3)BM, exhibit improved strength and relatively minimal
variation in ductility under both tensile and compressive loading and when
compared to pure Mg and Mg-5.6Ti. This can be attributed to the rela-
tively uniform distribution of blunted 5.6Ti-2.5Al2O3 composite particu-
lates.
6. Among the composites, a relatively higher combination of tensile and
compressive strengths were realized when the reinforcement particulates
were directly added and a relatively superior ductility was realized when
the reinforcement particulates 5.6Ti-2.5Al2O3were ball milled.
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7. The obtained results for Mg-Ti-Al2O3 system are in contrast with the re-
sults obtained for Mg-Ti-Al system, wherein the strength improvement
was prominent in pre-processed reinforcement addition. The observed
variation could be attributed to the absence of (minimal) reaction products
between Ti and n-Al2O3 in comparison to the hard intermetallic phase for-
mation between Ti and Al.
Mg-Ti-B4C system
1. When compared to Mg-5.6Ti, the addition of nano-B4C hybridized micron-
sized Ti particles promoted localized dynamic recrystallization and re-
sulted in refinement in grain size and increase in microhardness values.
2. Based on microstructural evolution studies by EBSD analyses (misori-
entation angle distribution, grain boundary character distribution, grain
orientation spread), the Mg-(5.6Ti+x-B4C)BM hybrid composites, show
more recrystallized grains and less tensile twins compared to Mg-5.6Ti.
3. Texture studies confirmed that the addition of nano-B4C hybridized micro
Ti addition to Mg resulted in realignment of basal planes and extension
of weak basal fibre texture when compared to Mg-5.6Ti, where the basal
planes are nearly parallel to the extrusion direction.
4. Under tensile loads and compressive loads, the Mg-(5.6Ti+ x-B4C)BM hy-
brid composites exhibit the best combination of properties with enhanced
strength and improved/retained ductility compared to pure Mg and Mg-
5.6Ti.
5. The enhancement in strength properties under both tension and compres-
sion of Mg-(5.6Ti+ x-B4C)BM hybrid composites can be attributed to
the presence of nano-reinforcements, the uniform distribution of the hy-
bridized particles, better interfacial bonding between the matrix and the
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reinforcement particles and texture modification achieved by nano-B4C
addition.
6. The higher/retained ductility values of Mg-(5.6Ti+x-B4C)BM composites
in comparison to Mg-5.6Ti corresponds to the favourable basal planes
alignment and the spreading of weak fibre texture resulted from the nano-
B4C hybridized Ti addition.
Heat treatment of Mg-Ti-B4C hybrid composite
Mg-Ti-B4C composite was investigated for the effect of heat treatment temper-
ature and heat treatment time on the microstructural and mechanical properties.
Based on the process-structure-property correlation, the following conclusions
are drawn.
1. Within the investigated range of heat treatment temperatures at constant
time, heat treatment at 200 °C proved to be the transitional temperature
between refined grains and coarsened grains.
2. At the transitional heat treatment temperature of 200 °C, any increase in
heat treatment time from 1 h to 5 h resulted in coarsening of grains and
decreased hardness. Heat treatment condition 200 °C/ 5 h is selected as
it showed marginal changes in grain size and microhardness with most
equi-axed grain structure.
3. Detailed microstructural studies conducted using EBSD analysis on the
heat treated sample (200 °C, 5 h) revealed the presence of more strain
free grains corresponding to the recrystallization and residual stress re-
laxation effects due to heat treatment, when compared to the non-heat
treated material.
4. Mechanical properties under both tension and compression loading con-
ditions showed significant improvement in ductility values with slight re-
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duction isin yield strength, with an overall significant increase in the com-
posite toughness.
5. Using structure-property correlation, the effect of heat treatment on the
mechanical properties is understood to be due to the less stressed matrix-
reinforcement interface brought forth by: (a) relieving of residual stresses
and (b) texture weakening due to enhanced matrix recrystallization effects
during heat treatment.
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Chapter 11
Recommendations
In the current research work, new titanium containing magnesium materials are
produced using disintegrated melt deposition technique followed by hot extru-
sion and tested for their properties. The results showed interesting mechanical
properties due to the changes in microstructure and deformation mechanism.
However, to further investigate and assess the feasibility of the developed mate-
rials, future work may be explored as follows:
1. Tribological, corrosion, oxidation and high temperature mechanical prop-
erties characterization studies to assess the reliability of materials in dif-
ferent environments.
2. Creep and fatigue characterization studies to evaluate the performance to
utilize these materials in different structural applications.
3. TEM studies to study the microstructural properties in detail.
4. To synthesize in-situ nanostructured Mg composites using mechanical
milling.
5. To explore the effects of other processing routes such as rolling, forging,
ECAP etc.
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